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ABSTRACT 
Boron silicides, B4Si and B6Si, have been produced by calcining 
mixtures of finely-divided boron and silicon at different temperatures and 
information obtained regarding the process mechanism •• There are optimum 
reaction times for the formation of B4si, before it disproportionates into 
The atmospheric oxidation of boron silicides ~s retarded ·by the 
product layers·of boric oxide, B2o3 , and silica, Sio2 , and also by their· 
mineralising action promoting sintering of the material. Boron silicides may 
0 be used only in an oxidising environment at lO\ver temperatures (500 - 800 C) 
without severe· degradation occurring if they have been first subjected to 
oxidation at higher temperatures (~. l000°C) in order to form a protective 
coating. 
Nitrogen reacts extensively with both of the boron silicides at high 
0 temperatures (1300 - 1450 C) to form boron nitride and silicon (or its 
nitride in the presence of hydrogen). 
0 In the nitridation of silicon at 1400 c, the proportion of 13- silicon 
nitride formed increases with more boron additive, which is ascribed to the 
greater affin.ity of the boron for oxygen compared with that of silicon. 
Pure a- silicon nitride whiskers are obtained on the surface of silicon 
monoxide heated with nitrogen at l300°C, In normal nitriding experiments 
us1ng pure nitrogen and commercial samples of silicon, the a- silicon nitride 
content of the products range between 45- 657. (~. l400°C, 40 hours). The 
oxygen required to stabilise the a- nitride crystal lattice probably 
originated from that in the inherent oxide layers ori the silicon surfac:;es, 
The kinetics and solid-state mechanism for the nitridation indicate activation 
accompanied by sintering, the latter process ultimately predominating, 
(iii) 
Finely-divided silicon nitrides oxidise appreciably ~n air at 
0 temperatures above 1000 c. The ne\vly-formed silica acts as a mineraliser, so 
that. the oxidations are considerably retarded ru1d become increasingly 
controlled by solid-state diffusion, with the products tending to bond 
together and shrink. The mineralising action of the silica is illustrated 
further by comparison with the oxidation of silicon and also milled silicon 
nitrides at similar temperatures. 
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1 
I INTRODUCTION AND REVIEW 
Silicon is the most plentiful electropositive element on the 
earth's crust, being three times as abundant as aluminium and six times 
as abundant as iron, Practically all of the earth's silicon is bound 
up with oxygen. In combination as the oxide, silica, these two 
elements constitute about 60% of the solid crust of the earth. As there 
is more than enough oxygen to combine with the silicon, free silicon 
does not occur in nature. However, in spite of its abundancy, the only 
compounds of silicon which have been important to human history are 
those natural forms of silica and the silicate minerals which are used 
in the traditional building and ceramic industries. 
The binary compounds of silicon with the electropositive 
elements, more particularly the metals, are called siiicides. Due to 
its low electronegativity, silicon has a greater tendency to form 
compounds with the non-metals than with the metals, But it is only 
within relatively recent years that binary non-oxide derivatives, such 
as silicon nitride and boron silicide, have been synthesized, This 
has been largely due to increasing industrial requirements for refractory 
materials such as silicides and related compounds. 
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1.1 THE CLASSIFICATION OF SILICIDES AND RELATED MATERIALS 
At the present time the best available sources of data on the 
properties of silicides and related refractory compounds are those 
compiled by Shaffer (1964a)and Samsonov (1964). 
The term refractory compound is difficult to define since it 
necessitates the fixing of some arbitrary melting point boundary above 
which compounds are labelled as refractory and below which as non-
refr~ctory. This artificial boundary has constantly needed to be raised 
in value as increasing numbers of compounds of high melting point have 
been discovered and synthesized; currently, it is frequently assumed to 
0 be 3000 c. 
The original meaning of the term has more or less become obsolete 
and in the modern sense a refractory compound is one which possesses 
various combinations of other properties such as high hardness, brittleness, 
and resistance to the action of chemically corrosive media, etc. Certain 
electrical and magnetic properties are also important, as determined by the 
electronic structure of the corresponding compounds and the position of 
their components in the periodic system of the elements. The most important 
criterion for the application of the concept of refractoriness is increas-
ingly becoming the nature of the chemical bond between the component atoms 
of the compound. The bonding is mainly metallic or covalent with a small 
ionic contribution •. such types of bond occur as a rule (i) in compounds 
of metals (mainly transition metals or metals similar to them, depending 
on various criteria) with nonmetals of the type boron, carbon, silicon, 
nitrogen, phosphorus, etc., which do not possess ionisation potentials 
high enough to result in the formation of an ionic bond; (ii) in compounds 
of nonmetals with each other; and (iii) in certain intermetallic compounds. 
. ~ 
• 
3 
Compounds in the first category are generally·. termed metal-
like refractory compounds in view of the fact that they retain many of 
the characteristics of the metal component. A prerequisite for the 
formation of these compounds is the availability of incomplete d and f levels 
as in the transition metals. 
A qualitative criterion of the electron density between the atom 
cores in the crystal lattice and its distribution has been put forward by 
Samsonov (1953, 1964), The quantity proposed may be termed the 'acceptor 
1 
ability' and is denoted by NO, where n is the number of electrons in the 
incomplete level of principal quantum number N. Of equal importance is the 
electron-donating ability of the nonmetal atoms as indicated by the magnitude 
of their ionisation potentials (I.P.). Thus, the electron density 
distribution is dependent upon the values of n, N and I~P. nonmetal. An 
1 
increase in Nn for a given donor results in a displacement of the electron 
concentration towards the metal atom, whereas an increase in I.P. nonmetal 
for a given acceptor results in a displacement towards the nonmetal with a 
corresponding increase in ionic character. The heterodesmic character 
of the bonds in these compounds results from the variations in the above 
quantities, which also account for the particular combination of physical 
and chemical properties observed, 
Many of the refractories first investigated were·transition metal 
monocarbides and mononitrides (Rundle, 1948) but in latter years the 
theory of Samsonov, outlined above, has found wider application for 
nitrides in general, including the nonmetal varieties. 
These nonmetallic refractory phases, which constitute the second 
category of compounds, are also characterised by a heterodesmic bond 
character but with covalent bonding predominating, They often have semi-
conducting properties and high electrical resistance at room temperature,. 
and become p- or n-type semiconductors when atoms of foreign elements are 
4 
substituted into normal sites in their crystal lattices. They generally 
have crystal structures consisting of linear, lamellar or three-
dimensionally extended structural groups, and either melt with 
·decomposition or decompose before reaching the melting point. 
A number of binary nonmetallic phases of this class are 
shown in Table 1.1.1 
IONISATION 
ELEMENT POTENTIAL 
eV 
Si 8.14 
B 8.28 
s 10.42 
p 10.43 
c 11.24 
N 14.51 
TABLE 1.1.1 
Si B s p 
Si Si B Si S SiP 
B s0: B: BP 
X ~X X 
S Si B S S S P 
X X ~X 
SiP B P S P P 
X X ~ 
c 
SiC 
B C 
X 
SiC B C - - C 
X (DIAMOND) 
N 
In crystals of the elements situated along the diagonal of the 
table'the width of the energy gap increases in the direction indicated 
by the arrows, while in the nonmetallic compounds formed by these elements 
it may be assumed that there will be an increase in the proportion of ionic 
bond with increase in the difference in ionisation potentials of the 
components (from SixB to Si3N4, from SixB to BN, etc.). 
The elements beryllium, magnesium and aluminium occupy an inter-
mediate position as regards their ability to form metal-like and non-
metallic compounds. They are capable of forming fairly refractory semi-
conductor compounds with nonmetals, e.g. beryllium, magnesium and 
aluminium borides; aluminium nitride; magnesium silicides. In addition. 
they may also enter into the composition of intermetallic compounds of the 
_ ___.:_ __ - - - --
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beryllide, aluminide, etc., type. 
The third category of compounds, the intermetallics, constitute 
a separate branch of chemistry; any discussion here would be irrelevant 
to the present work, 
The classification outlined above provides a useful basis for 
the explanation of many of the properties of refractory compounds and 
also the direction and extent of their variation, 
1.2 THE GENERAL PROPERTIES OF THE NONMETAL SILICIDES 
AND SOME RELATED PHASES 
An estimation of the nature of the bonding in a compound can be 
made by consideration of the covalent radii_and ionisation potentials of 
its constituent elements, Covalent radii must be viewed with discretion 
since they are either mean values from a number of compounds or refer to 
the element in a particular state of hybridisation. However, they do give 
some indication of the contribution of the element to the covalent bond 
between two elements in terms of bond length, the latter corresponding to 
the sum of the radii. The ionisation potential is the energy involved 
in the removal of an outermost electron from its orbital to infinity, 
whilst the atomisinthe gaseous state, The I.P. indicates the contribution 
to the bond in terms of electron density, 
Considerations of the limiting values of radius ratio consistent 
with the formation of interstitial borides, carbides, etc. [Hagg et ·al (1930)] 
are not relevant in the case of the nonmetallic systems, since these are 
composed of atoms of comparable size and ionisation potential, 
The tetrahedral covalent radii of the elements pertinent to this 
research-are given in Table 1.2.1 together with their atomic weights. 
Tetrahedral co-ordination is found in the diamond structure as shown by 
carbon and silicon, and in the sphalerite and wurtzite structures shown 
6 
TABLE ·1. 2. 1 
The Tetrahedral· Covalent Radii of the Relevant Group III-VI Elements 
GROUP III IV V VI 
ELEHENT B c N 0 
COVALENT RADIUS R o. 88 0.77 o. 70 0.66 
ATOMIC WEIGHT * 10.811 12.011 14.007 15.999 
ELEHENT A9. Si p s 
COVALENT RADIUS 1.26 1.17 1.10 1.04 
ATOHIC WEIGHT 26.982 28.086 30.974 32.064 
* BASED ON 12c = 12 
The radius ratios of these elements are given in Table 1.2.2 
7 
by such compounds as BN, A~P and SiC. [Pauling (1967)]. The radius 
ratios of these elements are given in Table 1.2.2. 
8 
TABLE 1. 2. 2 
The Radius Ratios of the Relevant Group Ill - VI Elements 
B At c Si N p 0 s 
.... 
- '' ' ' 
B .1.000 -1,432 .0.875 • 1. 329 0.795 '1. 250 0.750 1.182 
At 0.698 •1.000 ·0.611 0.929 ·.o.555 .0.873 0 .• 524 o. 825 
G .1.143 ·1.636 - 1.000 ' 1. 519 0.909 1. 351 I . 0.857 •L 351 
Si • o. 752 • 1.077 .0.658 '1.000 o. 598 0.940 0.564 0.888 
' 
~ • 1. 25 7 •L BOO :1.100 •1.671 :1.000 :1.571 :0.943 •L 486 
p 0.800 -1,145 0.700 • 1.064 0.636 1.000 0.600 0.945 
0 :1.333 '1.909 1.166 • 1. 773 1.061 :1.666 :1.000 1.576 
s .0.846 ·1.211 0.740 1.125 0.673 1.058 ·o.635 •LOOO 
Table 1.2.3 gives the compositions of some nonmetallic 
refractory compounds, assuming perfect stoichiometry. However, several 
of these compounds can exist over a range of composition, known as the 
homogeneity range, and still retain the same crystal structure. 
9 
TABLE 1.2.3 
The Composition of Some Nonmetallic Refractory Compounds 
PHASE MOLECULAR METALLOID * CONTENT WEIGHT 
ATO!HC .% . -WEIGHT.% 
.B13c2 164.68 86.67 85.40 
Bl2c3 165.87 80.00 78.68 
BN 24.82 50.00 43.56 
B12si 15 7. 93 92.31 82.22 I 
.B6Si 93.01 85.71 69.80 
B4Si 71.37 80.00 60.74 
(B3Si) 60.55 75.0 53.61 
SiC 40.10 50.00 70.05 
Si3N4 140.30 42.86 60.06 
SiN 42.09 50.00 66.72 
SiP 59.06 50.00 47.55 
* 
The more electropositive element 
The crystal structures of some of the relevant nonmetallic 
phases are given in Table 1.2.4. 
10 
TABLE 1. 2. 4. THE CRYSTAL STRUCTURES OF SOME NONMETALLIC 
REFRACTORY COMPOUNDS 
PHASE. UNIT SPACE STRUCTURE a,R b,R c,R c/a REFERENCE CELL GROUP TYPE 
. B13c2 RHOMBOHED R3m B4C 5. 630 - 12.19 2.165 ZHDANOV 
et a1, 1954 
B12c3 RHmmOHED R3m B4C 5.598 - 12.12 2.165 ZHDANOV 
tl a1, 1954 
B12si RHOMBIC - AR.B12 - - - - NOWOTNY 
g; a1, 1958 
B6si RHOMBIC Pnnin: - 14.392 18.267 9.88 - ADAMSKY 
·. 1958 
B4Si) RHOMBOHED R3m· B4C 6. 319 - 12.7.13 2 .o12 MAGNUSSON & ) BROSSET!, 
B 3Si~ 1962 
a-Si 3N4 HEXAG P31~: - 7.75 - 5.61 o. 724 HILD et al, 1970 
s-sil4 HEXAG P6/m - 7.61 - 2. 91 o. 382 WILD et al, 
.. 1970 
. 
SiN HEXAG 
- AR.n 3.17 - 5.05 o. 627 ARROWSMITH 
1963 
Si20N2 • RHOMBIC Cmc2i - 8.843 5.473 4. 835 - ·BROSSETT & 
IDRESTEDT 
1964 
SiP RHmmrc Pnna 
- 20.47 13.59 3.51 - WADS TEN 
1969 
. 
11 
The total energy of a crystalline solid, composed of its internal 
(lattice) energy and its surface energy, will determine its properties and 
behavious under various conditions. A high lattice energy is 
associated with high hardness, low vapour pressure and· high melting (or 
decomposition) temperatures. The decomposition temperatures for the 
materials concerned in this research, together with values of 
microhardness, are given. in Table 1.2.5. 
The value of hardness obtained for a particular sample may be 
dependent on its previous history, surface finish and crystal orientation. 
Shaffer (1964b)has shown that the variation within a single crystal! 
of a - SiC, the hexagonal form, can be as much as 800 hardness numbers. 
The cubic B - SiC, being crystallographically isotropic, shows much less 
variation (Shaffer, 1965). 
.,. 
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TABLE 1.2.5. ·Micr~h~rdness and decomposition temperatures 
of some non-oxide refractories. 
Material Microhardness Decomposition Kg mm-2 (lOOg load) . 0 temperature, C 
C (diamond) 8000-8500 Sublimes > 3500 
a-SiC ) 2100 
e-sic ) 2500-3000 2650 ) 
B4c 2800 (a) 2200 
a-Sil4 ) 2050 (b) ) 
..,... 2500 (d) 
e..;.si 3N4 ) 1890 (b) ) 
B 2410 (m.p. 2075) 
B6Si 2300-2400 (a) 1900 (c) 
B4Si 1955-2120 (a) 1370 
Si 715-960 (m.p. 1430) 
These data were compiled from Samsonov (1964a) and Shaffer (1964) 
with .the following exceptions: 
(a) Fiegelson & Kingery (1962) 
(b) Godfrey (1969) 
(c) C1ine (1959) 
(d) Evans & Davidge (1970) 
1.3 
1. 3.1 
13 
THE CRYSTAL CHEMISTRY OF THE NONMETAL 
SILICIDES AND RELATED SUBSTANCES 
ELEMENTAL SILICON 
"Elemental silicon is a hard, brittle, metallic-looking 
substance which crystallises in the diamond lattice. Silicon 
follo\vS carbon in Group lV B; their electronic structures are: 
ATOMIC NUMBER ELECTRONIC STRUCTURE IN GROUND STATE 
CARBON, C 6 1S2 2s2 2p2 
SILICON, Si 14 1s2 2s2 2p2 3S2 3p2 3d0 
The valency shell of the silicon atom possesses d orbitals, but 
the p orbitals of this shell (n 3) do not take part in the formation 
of p~ bonds. The valency shell of the carbon atom (n = 2) does not 
possess d orbitals, but its ability to form p~ bonds is responsible 
for much of the characteristic chemistry of carbon, Silicon is usually 
tetracovalent, but due to the presence of d orbitals its maximum 
covalency is six, in which respect it differs markedly from carbon. 
These differences "in electronic structure account to a large extent 
for the sharp differences in the chemical behaviour of these elements 
and of their compounds, 
Silicon differs from diamond in that it is an intrinsic 
semiconductor. The semiconducting properties arise from the fact 
that the Brillouin zone, although full as in diamond, is separated 
from a zone of higher energy by only a narrow energy gap. 
In the diamond lattice, one-half of the atoms form a 
face-centred cubic lattice. The other half can be obtained by a 
translation of the original lattice in the direction of the body 
diagonal by ! ! !. In this way, one-half of the octants, obtained 
by dividing the unit cell into cubes with edges equal to a/2, are 
body-centred and each C-atom is tetrahedrally surrounded by 4 other 
14 
atoms. The interionic distance is l,S44R in the case of Carbon and 
2,352R in the case of Silicon. In these structures a tetrahedral 
configuration is forced upon the atoms by the sp3 hybridisation 
required for maximum overlap of atomic orbitals during covalent bond 
formation, despite the voids which result, The gain in lattice 
energy achieved by higher co-ordination as found in metallic elements, 
e.g. hexagonal and cubic close packing, is more than compensated by 
the strong covalent bonding found in the diamond structure as indicated by 
the high m.p. and hardness. 
1. 3. 2 ELE!1ENTAL BORON 
The structure of the boron carbides and silicides are 
dependent upon the structures of one of the many allotropic varieties 
of elemental boron, which act as a 'host lattice' for the carbon or 
silicon atoms. Hence, a discussion of the boron structures is included 
here. 
Pure crystalline boron 1s a hard, black semiconductor with 
a metallic lustre, Boron heads the Group Ill B elements; its atomic 
number is 5 and its electronic configuration 1n the ground state is 
BORON, B ls 2 2s 2 2pl 
In the ground state the 3 valence electrons 1n the n = 2 shell occupy 
4 low-lying orbitals, hence the boron atom is electron deficient. 
Boron does not assume the metallic state which is to be expected in 
such a case, rather it crystallises in a number of allotropic forms. 
Many of the structures of boron compounds cannot be 
accounted for in terms of the familiar two-centre bond consisting 
of a molecular o'rbital encompassing two atomic nuclei and containing 
a maximum of two electrons. In such cases the need to reconcile 
the stereochemistry and co-ordination number of boron with the 
15 
number of available electrons has lead to the concept of the 
polycentred bond; e.g. a three-centred bond embracing three boron 
nuclei, lying in a trigonal plane, and containing only cwo electrons. 
This economy permits each atom to participate in further bonding. 
The wave mechanical approach depicts this as a linear combination 
of the available 2s and 2p atomic orbitals to form a single 
molecular orbital: 
L .C .A.o . 
hybrid atomic orbitals 
8 
3-centre 'closed' molecular 
orbital 
Bonds involving 4, 5, 6 and even 12 boron atoms are also 
possible. The generation of three-dimensional frameworks utilizes 
a common structural element, the B12 unit, in which B atoms are 
located at the vertices of a nearly regular icosahedron (Fig. 1.3.1). 
16 
FIGURE 1. 3.1. THE ICOSAHEDRON 
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In this each B atom is involved in 3-centre bonding with its five 
nearest neighbours and in a 12-centre bond with these and th~ 
remaining six atoms. Thus 26 out of the available 36 electrons are 
employed in intra-icosahedral bonding. In .the a-rhombodedral form 
of boron, the 10 remaining electrons are required for inter-
icosahedral bonding to neighbouring B12 units (6 in 3-centre bonding 
and 6 in 2-centre bonding). In cases where the inter-icosahedral 
bonds are all of the 2-centre type, donation of 2 electrons is 
• d . B 2- . requ~re to g~ve a 12 an~on. 
e. g. 
The icosahedron is a highly symmetric structural element~ 
possessing considerably more symmetry than can be utilised in a 
3-dimensional crystallographic array. Its symmetry is comparable 
to that of the crystallographic point group of highest symmetry 
m3m, which describes the symmetry of the cube and the regular 
octahedron. The icosahedron has 6 fivefold axes linking opposite 
vertices. Since .fivefold rotation is not utilised in 3-dimensional 
structures, a unit possessing this symmetry can use any other 
crystallographic symmetry it might posse$or it can be propagated 
as an asymmetric element in a general position by the translation 
symmetries. Although some small distortions do occur in inter-
icosahedral linking, the basic unit is extremely rigid .and it is 
possible to discuss the structures in terms of regular icosahedra •. 
Due to the various detailed accommodations that must be made the 
structures are complex, also the rather open networks contain 
regularly spaced holes large enough to contain metal or other 
impurity atoms. In addition to this the structures are 
susceptible to modification by the. inclusion of additional boron 
or other atoms in positions· that· relieve the strains imposed by 
the difficulty of propagating the pentagonal structure elements. 
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The icosahedral packing of 12 spheres about a point is 
extremely efficient, comparable to the packing of 12 spheres around 
a central sphere as in cubic close packing, with the difference that 
the cavity in an icosahedron has a diameter of 0.90 that of the 
sphere, rather than unity, This reduction of the interior volume 
(by about 30%) results in a serious loss of external 3-dimensional 
packing efficiency. 
Each boron atom in a B12 unit forms 5 bonds symmetrically 
inclined to a fivefold axis of symmetry, In addition each boron 
atom characteristically forms a unique bond directed outwards 
towards an atom in another unit or towards an interposed framework 
atom giving a co-ordination number of 6 for each atom. Thus the 
preferred co-ordination polyhedron is a pentagonal pyramid. 
1. 3. 3 THE BORON-CARBON SYSTEM 
The boron carbide structure was the first 3-dimensional 
boron framework to be reported (Zhdanov and Sevastyanov, 1941). It 
was also the first structure in which the role of boron icosahedra 
was characterised (Clark & Hoard, 1943), 
The original description of the structure assumed a 
stoichiometric composition B4c, the appropriate B/C ratio being 
achieved by the use of the structural elements: a B12 icosahedron 
and a linear c3 group in a primitive rhombohedral unit cell (Fig, 1.3.2). 
The three carbon atoms lie on the trigonal axis of the rhombohedron 
which is the c axis of the hexagonal representation. Wi'th respect to 
the symmetry and co-ordination, the two outside positions of the carbon 
chain 2c are identical and different from the central one lb. lb is 
the only unique-position in the unit cell and can accommodate boron 
as well as carbon, The essen~ial feature~ of the structure remain 
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FIGURE 1. 3. 2. 
RHOMBOHEDRAL UNIT CELL OF 
BORON CARBIDE 
(after Silver and Bray, 1959). 
0 BORON 6h2 
BORON 6hl 
0 CARBON - 2c 
0 CARBON - lb 
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constant over a wide composition range, any variations in the latter 
· being accommodated by interchange of borcin and carbon atoms at appropriate 
points in the framework and in some cases by the inclusion of extra 
atoms in the structure. 
B12c3 is not the only congruently melting compound ~n the 
system, in fact the B13c2 form, ·in which the linear c3 group is 
replaced by a linear C-B-C group, is more thermally stable. It has 
subsequently been found that the B4c structure corresponds to the 
composition (B11 C) (CBC). 
The icosahedron shown in Fig. 1.3.1 is labelled to 
disti~guish between two classes of atoms, rhombohedral and equatorial. 
The rhombohedral atoms, r, each have centrosymmetric mates, r. The 
six atoms in the equatorial positions, e and e, link in a staggered 
belt around the equator of the icosahedron, The structure of boron 
carbide is based upon a primitive rhombohedral unit of structure 
in the space group R3m. The B12 icosahedra at each lattice point 
are appropriately oriented '"ith respect to the cell axis to conform 
to the required symmetry, In each B12 the r atoms lie almost 
directly along the rhombohedral axis and are bonded to the equivalent 
atoms, r, of the units centred at the adjacent lattice points. The 
rigid framework formed involves half of the boron atoms in direct 
inter-icosahedral bonds each formed along quasi-fivefold axes of 
icosahedra. Direct lateral connections do not exist be-tween 
equatorial atoms in adjacent icosahedra, all such bonding is achieved 
via additional interposed atoms which are required to complete the 
framework. This arrangement of icosahedra creates a large cavity at 
the centre of the cell along the threefold axis, surrounded by 
an octahedral arrangement of B12 units. 
21 
The possible structural modifications of the boron 
· carbide structure are determined by a number of constraints 
which may be satisfied by a C-B-C chain or by a variety of other 
nonmetal atoms, In addition, the framework encloses two holes 
per unit cell, located on the threefold axis just above and 
below the central chain. The density and stoichiometry can be 
modified by partical_ inclusion of extra boron, carbon and other 
atoms in these holes especially for systems prepared under 
conditions far from equilibrium, Also, a limited number of 
icosahedral boron atoms may be substituted by carbon or silicon, 
the substitution being driven by electron deficiencies in the 
icosahedral framework as well as by geometric constraints, 
The basic framework described above for the boron 
carbides may undergo minor modifications in order to satisfy the 
requirements for derivative systems (}ffitkovich, 1961), When carbon 
and/or boron in the chain is replaced by other elements such as oxygen, 
silicon or phosphorus the large differences in atomic size must be taken 
into account. For larger atoms such as silicon the use of two-atom 
chains, Si-Si, in place of C-B-C is required in order to maintain 
satisfactory bonding of terminal atoms to the icosahedra. 
In general, only those atoms which can form tetrahedral bonds 
can act as chain terminal atoms. Substitutional replacement 1s also 
allowed 1n the icosahedra as well as the partical occupation of true 
interstitial holes. The symmetry of the space group need only be 
statistically satisf:Led, and the phase may exist within a range of 
chemical compositions. 
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1.3. 4 THE BORON-SILICON SYSTEM 
The original work on this system WlS carried out by Hoissan 
and Stock in 1900. They passed an electric current through a mixture 
of the elements and obtained a mixture of boron silicides, B6si and 
supposedly B3si. A recent review of this system is given by Lamikov 
(1968). 
Of the two, the hexaboron silicide is the more thermally stable 
compound; it is also the better characterised. B6Si is a black opaque 
semiconductor with an energy gap of 1.2 eV and a room temperature 
conductivity of 0.15 ohm cm. It possesses good oxidation resistance, 
a hardness approaching that of silicon carbide and a similar thermal 
expansion coefficient. 
Some preliminary crystallographic data was reported on this 
compound by Cline in 1958 and supplemented in 1959. Adamsky (1958) 
determined the unit cell parameters and space group of the orthorhombic 
B6Si using Cline's single crystals. The cell dimensions are: 
a 14. 392 R 
0 
b = 18.267 R 0 
c = 9. 885 R 0 
The space group LS Pnnm and assuming 40 molecules per unit cell the 
-3 density was calculated as 2.39g cm Alternatively, the number of 
molecules per unit cell is 40.9 '~hen calculating from the pycnometric 
-3 density of 2.45g. cm • 
Giese (1970) also reports the space group Pnnm and similar 
orthorhombic lattice constants 
a = 14.346 R 
0 
b = 18.226 R 
0 
c = 9.848 R 
0 
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His preliminary structural model is based on the stoichiometry B20s~c2 ; 
the carbon atoms were identified on the x~ray evidence and density 
measurements. The structure has 300 atoms in·the unit cell distributed 
among 5 crystallographically independent polyhedra and 24 interstitial 
atoms. Of these polyhedra, four are icosahedra and one is a 26-hedron 
(-26 triangular faces and 15 vertices). 
The silicon-rich end of the system is less well characterised 
there being some uncertainty about stoichiometric compound formation 
in the range B s· B s· Several workers have been unable to confirm 3 ~ - 4 ~. 
the original B3Si formulation of Moisson and Stock: 
Colton (1960) 'vas the first to report the preparation of 
a4si. (The actual B/Si molar ratio was formed chemically to be 4.28). 
The elements were heated in an inert atomsphere at temperatures not 
exceeding 1370°C. Above this temperature the compound melts inconguently 
whilst undergoing the phase transformation: 
This disproportionation also occurs at a much slower rate at lower 
0 temperatures (down to ~· 1100 C). 
Matkovich (1960) worked on samples obtained from Colton and at 
least four different crystalline forms were found, two of which were 
identified, namely, B6Si and B4si. The crystals of the latter were 
found to be rhombohedral with the hexagonal unit cell. 
a 
0 
6.33o R, c 
0 = 
12.736 R 
The rhombohedral unit cell contains three B4Si formula units, and the 
space group R3m.was assigned on the basis that the compound is isomorphous 
with B4c. The possibility of this form of boron silicide being B3Si was 
ruled out by chemical analysis and specific gravity measurements. 
' . 
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However, the boron to silicon .ratio was found to vary between 3.7 and 4.3. 
Cline and Sands (1960) also reported the composition B4Si 
and confirmed the rhombohedral structure found by Matkovich, obtaining 
the hexagonal lattice constants 
a 
0 
= 6.35 R, c 
0 = 
12.69R. 
A triboron silicide form LS reported in several of the earlier 
studies of the boron-silicon system. Samsonov and Latysheva (1955) 
claimed the formation of B3Si with a tetragonal structure. Knarr (1960) 
found a hexagonal form of composition B3Si with lattice constants 
a 
0 = 
6.97 K, c 
0 
12.24 K. 
These parameters are similar to those claimed by Matkovich and Cline and 
Sands for B4Si suggesting that it is the same compound, however it was 
0 found to decompose at 1269 C. 
Rizzo and Bidwell (1960) produced a compound which when care-
fully purified and chemically analysed indicated a predominant B/Si molar 
ratio of 3. However, their crystallographic examination of the crystals 
showed them to be rhombohedral with lattice constants 
a 
0 
6.32 R, c 
0 = 
1~.75 K. 
for the corresponding hexagonal cell. The writers endeavoured to show 
that the B3Si observed by Moisson and Stock can be rationalised as 
silicon-rich B4Si with approximately one additional Si atom per unit 
cell, i.e. B12si3 + Si. 
Magnusson and Brosset (1962) determined the composition 
crystallographically as B2•89si, although chemical analysis revealed a 
B/Si molar ratio of between 4.2 and 3.2, depending upon the degree of 
purification. The rhombohedral space group RJm with hexagonal lattice 
constants 
a 
.o 
= 
25 
6.319 X, c 
0 
= 12.713 X. 
was reported, The structure was described as being of boron carbide 
type with Si - Si groups replacing c3 chains but with the important 
distinction that the remaining silicon atoms statistically substitute 
part of the boron in the B12 icosahedra. 
The best theoretical description of the B4Si/B3Si compound 
to date is that proposed by Hoard and Hughes (1967) who assumed the 
stoichiometry B3Si, and the following discussion is largely based upon 
their account. 
The atomic arrangement 1s of generalised boron carbide type, 
with Si2 groups replacing C-B-C chains, and with B10 •5si1•5 as the 
composition, on average of the icosahedral group; silicon atoms 
substitute for boron only in the icosahedral r and r positions (Fig. 
Now, the formulation (B11Si) Si 2 or B11si3, with one silicon per 
icosahedron, 1S fairly close in composition to B4Si, whereas the 
1.3.1.) 
formulation (B 10si2) si 2 , with two silicon atoms per icosahedron, is 
unique in that it obeys exactly the Longuet-Higgins and Roberts (1955) 
electron counting for a closed shell, The B3Si composition, halfway 
between, requires the use in equal proportions of B11Si and B10si2 
icosahedra. 
The absence of silicon atoms from the equatorial ·e positions 
of the icosahedra can be attributed to the principle that Si - Si bonds 
2.34 X in length would produce intolerable distortion of the framework 
if used to link icosahedra to chains, The value reported for the actual 
Si - B cross-links, 2.002 ~ 0.029 X agrees with the 2.00 X obtained by 
correcting the B-C value (1.604 X) from B4c for the difference in the 
tetrahedral bond radii of silicon (1.17 X) and carbon (0.77 X). 
'· 
'· 
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The principle restricting the use of excessively long Si - Si 
bonds should apply even more so to the inter-icosahedral r - r connections 
and to the icosahedral edge lengths, both of which must predominantly 
use B-B bonds. If it is assumed that in a B10si2 icosahedra the two 
silicon atoms must occupy non-contiguous positions (that is, one ~n r, 
the other in r), then B11si and B10si2 icosahedra can be_ used in equal 
proportions to construct a numerous family of statistically equivalent 
frameworks in which there is no need to use Si - Si bonds except in the 
chains. Hence this family of frameworks constitutes a statistical model 
for the B3Si composition that retains a large statistical weight whilst 
minimising the fluctuations in electron density and bond parameters, If 
the proportion of B10si2 icosahedra exceeds one half, then there must 
be Si - Si bonds it). the des tabilising positions,_ and we, therefore have 
a structural basis for expecting the s3si composition to be at or near 
the silicon-rich limit for stability of the phase. 
Considering the boron-rich compositions, an examination of 
the purely structural relations strongly suggests that the limit should 
be reached only when boron atoms have replaced all silicon atoms in the 
icosahedra, i.e. B12si2• However, the preparative range for the phase 
does not extend this far due to the existence of a material of much 
greater thermal stability: the orthorhombic B6si phase described above. 
If we postulate a B12si2 cell of boron carbide type then this 
is short by two electrons of meeting the Longuet-Higgins and Roberts (1955) 
theoretical counting for a filled band configuration, whereas the 
(B 10 , 5si1•5)si2 cell of B3Si is short by only one half an electron, and 
the (B10si2) Si2 cell of the hypothetical s5si2 fulfills the 
requirement. Although the theoretical electron deficiency for B12si2 is 
very slightly less than that for a-tetragonal boron it is reasonable to 
presume that the complex framework of the orthorhombic B6Si is superior 
.!. •• 
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in this respect, 
It is also, perhaps, a reasonable presumption that the B3Si 
composition represents something near the best compromise between 
a B5si2 of grossly distorted geometrical structure, but theoretically 
ideal electronic structure, and a (rhombohedral) B12si2 of nearly ideal 
geometric structure, but theoretically deficient electronic structure. 
The experimental results obtained by the various workers are 
summarised in Table 1.3.1. 
, The close similarity b.etween the lattice constants reveals that, regardless 
of chemical composition, the same crystalline phase has been produced in 
each case. The crystallographic evidence largely supports a B4Si formulation 
isomorphous with boron carbide, The homogeneity range observed, B/Si = 
2.89- 4.3, indic_ates that the B4Si structure exists with silicon either 
in solid solution or as a separate phase mixed with it, There is 
difficulty in removing free silicon from the tetraboron compound due to the 
close chemical similarity of the two materials. 
The boron-rich area of homogeneity appears rather more limited 
and may be attributed to the possibility of a limited replacement of 
icosahedral boron atoms by silicon atoms, the presence of interstitial 
boron atoms or the presence of some B6Si formed during synthesis, The 
earlier confusion probably stemmed from the assumption that the compound 
must possess an exact stoichiometry; Glazer et al (1953) have shown that 
the analogous B4c structure can exist with carbon contents ranging from 
4 to 28 atomic percent. 
The physical properties of the hexaboron and tetraboron 
silicides are very similar, the actual values obtained for the latter 
compound are probably dependent upon the composition of the particular 
sample, e.g. Brosset and Magnusson (1960) found pycnometric densities 
-3 between 2.43 and 2.55 g cm , 
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Table 1.3.1. 
Summary of experimental data for B4Si/B3Si phase 
Hexagonal lattice constants 
B/Si Reference 
mole ratio 
ao, R c o' R 
.. 
Matkovich (1960) 3.7- 4.3 6. 3"30 12.736 
Cline & Sands 4 6.35 12.69 (1960) 
Knarr (1960) 3 6. 97 12.24 
Rizzo & Bidwcll 3 6. 32 12.75 
. (1960) 
Magnusson & Brosset 3.2 - 4.2*) 6. 319 12.713 
(1962) 2. 89+ ) 
* Chemical analysis 
+ Crystallographic analy~is 
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Several workers have discussed the possibility of other 
compounds with higher boron content; however, these have not yet been 
confirmed (Powell, 1956), (Notwotny, et al 1957). Parthe (1957) and 
Nowotny et al (1958} both claim an orthorhombic B12si of structure type 
1. 3.5 THE BORON-CARBON SiLICON SYSTEM 
It is to be anticipated that if ternary compounds of this 
system exist, they will possess useful properties since the compounds 
in the limiting binary systems exhibit high hardness, chemical stability 
and·semiconducting behaviour. However, the experimental results reported 
to date are often contradictory and the problem of ternary compound 
formation remains largely unsolved. 
The Russian workers Samsonov et al (1955, 1960), Portnoi ~ al 
(1959) and Meerson et al (1961) employed hot-pressing of various 
combinations of boron carbide, silicon carbide and the elements and 
proposed the ternary compositions B5sic2 and B3si2c2• Meerson et al (1965) 
hot-pressed elemental mixtures for a range of compositions between B4c and 
B4Si and concluded that a continuous series of solid solutions existed. 
Lipp and RBder (1966) heated boric acid, H3Bo 3, silica and carbon, 
in the proportions 93:15:28 respectively, in an electric arc furnace and 
obtained products with rhombohedral structures, The corresponding 
hexagonal lattice constants (a0 = 5'.65 l{, C0 = 12.35 l{) were very similar 
to those of B4c (a0 = 5.61 R, C0 = 12.07 R). They proposed the existence 
of substitution compounds of general formula B12 (C, Si, B) 3 and assumed 
that the central atom in the three-atom chain of the B4c lattice 
(C3 or CBC) could be replaced by silicon. 
~ 
I 
! 
I 
I 
I 
I 
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Niemyski et al (1969) obtained a crystalline phase of 
composition B12c2•88si0 • 35 by reducing a mixture of boron, silicon and 
carbon chlorides with hydrogen at high temperature, and also by heating 
the powdered elements in hydrogen at 1800°C. The X-ray .powder 
photographs were similar to those of boron carbide and were in agree-
ment with the data of Lipp and RBder. 
Shaffer (1969) found that the solubility of boron in cx-SiC at 
2450 - 2500°C was less than 0.2 w/o, and that the solubility of silicon 
in B4c, although it could not be determined quantitatively, was 
extensive. No phases harder than B
4
c were found, contrary to some 
earlier reports. 
1. 3.6 THE SILICON-NITROGEN SYSTEM 
The formation of silicon nitride, si
3
N
4
, has been recognised 
for some time (Friederick and Sittig, 1925) yet it is only within recent 
years that this material has been of any significant interest. This 
interest has arisen principally because it has been found to possess a 
unique combination of properties which commend its use as an engineering 
material. 
Silicon nitride is a very strong, refractory material with a 
hardness above 9 on Mohs' scale. Its refractory nature favours its use ~n 
high-temperature engineering, particularly in gas turbines, rockets and 
electronic devices. It has excellent oxidation resistance at temperatures up 
to 1600°C and is dimensionally stable even after prolonged exposure to 
these temperature levels. It is a chemically inert electrical insulator 
13 0 (res is ti vi ty > 10 ohm-cm at 25 C) with a very high resistance to thermal 
shock in which respect it differs greatly from many other ceramic materials. 
Silicon nitride occurs in two phases, designated cx and 8 
(Vassilou and Wilde, 1957) which are generally found mixed in different 
proportions, depending on the conditions of preparation. At first', the 
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a- and B- phases were thought to be respectively low- and high-temperature 
phases. This is understandable since when normal purity commerical silicon 
and nitrogen are employed the predominant phase produced is directly relatable 
to the temperature of preparation. Also the a- phase transforms to the a-
phase on heating at 1400 - 1600°C (in nitrogen). 
A number of workers have investigated the crystal structures of 
these phases: Turkdogan et al (1958), Ruddlesden and Popper (1958), 
Thompson and Pratt (1967). The two related hexagonal forms were first 
characterised by Hardie and Jack (1957) who reported the complete.structure 
of B but only the space group (P3lc) and not the atomic parameters for a. 
The B- phase (space group P 63/m) resembles phenacite, 
Be2sio4 , and the structure of a is related to this, having a second, 
similar but differently oriented layer in the unit cell, i.e. planes of 
atoms in B are linked along the [001] direction in a sequence ABAB ...... , 
whereas in a the sequence is ABCD ABCD A projection of the B-
silicon nitride structure is shown in Figure 1.3.3. 
The two polymorphs both have structures in which each silicon is 
at the centre of a slightly irregular nitrogen tetrahedron, each nitrogen 
forming coplanar bonds to three silicons. The bonds are intermediate 
between ionic and covalent as in the silica structures. The covalent 
contribution to the bonding is due to the overlap of each of four 
hybridised sp 3 silicon atomic orbitals with one singly occupied sp 2 hybrid 
of a nitrogen atom. (The remaining fully occupied p orbital of each 
2 
nitrogen ~s perpendicular to the three planar sp orbitals and cannot 
participate in bonding). 
Grieveson et al (1967) determined the crystal structure of a-
silicon nitride and refined the parameters of the B- structure. They also 
determined the structures of the isomorphous a- and B- germanium nitrides. 
a- silicon nitride was shown to be an oxynitride with a defect structure of 
FIGURE 1. 3. 3, 
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BETA SILICON NITRIDE 
Projection along ~ axis 
(After Grievson et al, 1968a) 
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approximate composition Sill.S N15 o0•5 • The X-ray data showed the 
material to be non-stoichiomet~ic with a small range of homogeneity; 
oxygen replaces nitrogen in some sites and there are nitrogen vacancies 
in others. a and B are not merely low- and high- temperature forms 
respectively, as previously supposed; but are 'high oxygen potential' and 
'low oxygen potential' modifications. This work resolved many of the 
anomalies in the preparation of silicon nitrides and explains the 
difficulty of a-S interconversion. 
Billy and Goursat (1970) prepared the nitride Si2N2, which 
contains Si - Si bonds, by vacuum deammination of the triamido-disilane, 
Si2 (NH) 3 , in the presence of ammonium chloride at 60°C. During its 
purification by extraction with liquid ammonia,· an ammoniacate, Si 2N2 .NH 3, 
is formed, this decompoases under vacuum at 250°C to yield the nitride 
Si2N2• Above 290°C the Si - Si bonds of the latter dissociate to give SiN. 
This amorphous compound remains stable when heated in argon up to ~. 1300°C 
when it transforms into crystalline a-silicon nitride 
Arrowsmith (1963) also reported the identification of a nitride 
of composition SiN, obtained in this case by precipitation from commercial 
silicon 'killed' steel at 600°C. The phase was identified by electron 
diffraction and possessed a hexagonal lattice isomorphous with A£N, the 
only difference being a 2% increase in lattice parameters. The latter 
were reported to be 
a 
0 
= 3.17 ~ o.o2 R, c 
0 
1. 3. 7. THE SILICON-NITROGEN-OXYGEN SYSTEM 
s.os + 0.04 ~. 
Forgeng and Decker (1958) reported that an oxynitride of silicon, 
Si20N, was formed when air was admitted to the reaction chamber during 
the preparation of silicon nitride; and also when the latter was heated in 
0 
oxygen above 1700 c. The compound was isolated from mixtures with silicon, 
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silicon nitride and silicon carbide by chlorination at 600°C, 
Pure silicon oxynitride is a white powder with many excellent 
properties, including a refractory nature, which suggest it may have 
applications similar to those of silicon nitride, Washburn (1967) 
_reports an oxidation resistance, which is superior to that of SiC and 
Si3N 4 ,_~t temperatures as high as 1750°C, The thermal conductivity, 
thermal expansion and electrical resistivity values reported were very 
similar to those of Si3N4• 
The crystal"structure was reported by Brosset and Idrestedt 
(1964), who also proposed the stoichiometry Si2oN2 • The crystals have 
an orthorhombic symmetry corresponding to the space group Cmc2 1, and the 
cell dimensions are: 
a 
b 
c 
= 
= 
= 
8.843 + 
5.473 
4.835 
o.oo5 R 
There are four formula units per unit cell and each silicon atom is 
tetrahedrally surrounded by one oxygen atom and three nitrogens. The 
structure may be visualised as puckered silicon-nitrogen layers, con-
taining Si3N3 rings, joined together by oxygen atoms. 
They also reported a structural modification with cell 
dimensions a, 2b, 4c, 
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1.4 THERMODYNAMICS OF THE FORMATION AND REACTION OF SILICIDES 
The formation and stability of silicides at a given temperature 
0 is dependent upon their standard free energies of formation, l!GT. 
Knowledge of the standard free energy change, l!G0 , for a chemical reaction 
permits a quantitative assessment to be made of the extent to which the 
reaction may proceed. l!G0 is related to the equilibrium constant for the 
reaction, K, by the equation 
l!G0 = -RT ~n K 
-------- (1) 
where R = Universal Gas Constant 
T = Absolute Temperature 
In the reaction between two elements in their standard states the free 
energy change at a given temperature is equal to the standard free energy 
of formation of the compound. 
Ellingham (1944) suggested that l!G0 data for reactions of any given 
class, e.g. oxidation or nitridation, could be plotted against temperature. 
The relative affinities of elements for the common element (oxygen or 
nitrogen) can then be ascertained. Therefore, the feasibility of a reaction 
in a particular temperature range can be estimated together with the 
'stability of the resultant phase (stability increases with decrease in l!G~). 
The van't Hoff equation enables a pressure correction to be 
obtained for deviations from standard conditions: 
= + RT ~n P products 
P reactants 
(2) 
In the present work the reactants and products are, in most cases, refractory 
and the vapour pressures of the components are only significant at high 
temperatures. 
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The plot 'of t;,G0 against absolute temperature (for moderate values 
of the latter) is generally linear with a positive slope. The linearity 
0 0 is due to the temperature dependence of the enthalpy (t;,H ) and entropy (t;,S ) 
terms in the equation ·' 
(3) 
being almost self-balancing. At higher temperatures, fusion and evaporation 
of the reactants and products give more significant changes in these terms, 
causing inflections in the linearity of the plots. 
At the temperature where t;,G~_is equal to zero, the products are ~n 
equilibrium with. the reactants under standard conditions. Hence above this 
temperature (the decomposition temperature), the products are thermodynamically 
unstable and, below this temperature reaction is feasible, provided the 
t;,G~ value is negative. When two plots are compared· to show the relative 
affinities of the elements for a given element (e.g. oxygen), then the 
products (oxides) can co-exist with either of the elements at the 
temperature corresponding to the intersection of the plots. At other 
temperatures one product will have a more negative free energy change and hence 
be the more stable; in turn, the element forming this product will reduce the 
less stable product of the other element. 
The validity of Ellingham diagrams is open to some criticism since 
standard state conditions are not realised in actual systems undergoing 
dynamic change. Also, no allowance is made for the possible existance of 
homogeneity ranges or for the formation of mixed phases. 
The Ellingham diagrams for the oxides and nitrides concerned ~n 
the present work are given in Figures 1.4.1. and 1.4.2. These diagrams 
were compiled from data obtained from Janaf Thermochemical Tables and 
Supplements (1960-65) and Schick Vols I and II (1966) with the exception of 
the data for the silicon nitrides and oxyni tride, (Colquohoun et al, 19 72). 
FIGURE 1. 4 .1. 
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No thermodynamic data could be traced in the literature for the boron 
silicides. The diagrams were plotted by IBM 1130 computer. 
For the metals the borides are of greater stability and more 
readily formed than the corresponding carbides and silicides. This is 
ascribed to the relatively open structure of elemental boron compared with 
that of carbon or silicon. Elemental groupings (B12 icosahedra) are 
retained in borides, whereas the carbon (graphite) and silicon (diamond) 
lattices are disrupted completely. Similar considerations are valid for the 
formation of the nonmetal varieties, although those concerned in this work 
are of approximately equal stability as shown by the values of decomposition 
temperature in Table 1.2.5. 
However, although energetically feasible, these reactions may be 
kinetically unfavourable, The formation of silicides occur~ only at 
relatively high temperatures and is facilitated by the use of solid reactants 
with high surface area. 
1.5. 
1.5.1. 
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SOLID STATE PREPARATIVE METHODS AND APPLICATIONS. 
SOLID STATE PREPARATIVE REACTIONS. 
The solid state reactions employed for the preparation of silicides 
are accelerated by using mixtures of the elements in a fine dispersion. The 
uniformity of the milling or grinding of the materials may be expected to 
influence the following (Budnikov and Ginstling, 1968): 
(a) surface area and energy of the grains, 
(b) temperature, heat of fusion and solution, 
(c) intensity of heat exchange with surroundings, 
(d) rate of solution, sublimation, dissociation and 
chemical reaction with other reagents, 
(e) thickness of the product layer developing on the 
grains during chemical reaction, and governing 
diffusion rates through the layer, 
(f) properties of the crystalline reaction products, e.g. 
mechanical and thermal, 
(g) effectiveness of reaction accelerators between solids, 
and (h) the economics of the process. 
The kinetics are determined mainly by (d) and (e). 
The preparative reactions employed in this work were of two types: 
(a) solid~solid reactions, e.g. the formation of boron 
silicides, 
(b) gas-solid reactions, e.g. the formation of silicon nitrides. 
In both types of reaction the mechanical stability of the product layer 
considerably influences the reaction-rate and extent of reaction. Its 
strength depends on the differences in molecular volume and type of crystal 
lattice of the product compared with the reactant solid (c •. f. Pilling-
Bedworth rule for oxidised metals [1923]) and also on the rate of 
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sintering of the product. The fractional volume, crystal lattice and 
density changes for the reactions employed in this work are given in Table 
1.5.1. The data for boron silicide formation are given in two forms since 
it is not known which of the reacting elements acts as a coating for the 
other. 
Higher temperatures enhance sintering, i.e. they promote re-
crystallisation of the product, but also increase any evaporation of the 
solid below the product layer. ·consequently changes in phase composition, 
surface area, average crystallite and aggregate sizes should correlate with 
the preparative conditions. 
The strain caused by molecular volume and crystal lattice changes 
may be eased by lattice diffusion, which becomes appreciable above the 
Tammann temperature of reactants and products. For metals and more ionic 
compounds this temperature is about SO% of the m.p. in K, but may be much 
higher for covalent compounds. Surface and grain boundary diffusion may 
also play a predominant par.t in solid state reaction~, especially since the 
activation energies for the diffusion processes increase in the order 
E surface < E grain boundary < E lattice 
Hence, reaction rates are expected to obey linear, two-thirds order 
and parabolic rate laws analogous to those found for metal nitridations and 
oxidation (Kubaschewski and Hopkins, 1962). Deviations from these laws 
in the earlier stages of reaction are probably due to factors similar to 
those encountered in metal oxidations (Gulbransen and Andrew, 1951) e.g., 
decreases in surface heterogeneity and specific surface as the reaction 
proceeds, changes in local surface temperatures caused by heat of reaction, 
solubility effects, impurity concentrations and possible changes in product 
composition. 
Table 1.5.1. 
REACTANT SOLID 
-3 (density 1n g.cm ) 
Silicon, cubic; 
2. 329 
Silicon 
Silicon 
Silicon 
Boron, amorphous, 
2.34 
Boron· 
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·FRACTIONAL VOLill!E, CYRSTAL LATTICE AND 
DENSITY CHANGES FOR PREPARATIVE REACTIONS 
PRODUCT FRACTIONAL 
-3 VOLill!E (density in g.cm ) CHANGE 
·a- Silicon nitride, + 0.178 
:hexag,; 3.169 
. . ... 
B- Silicon nitride, + 0,215 
·hexag.; 3.192 
. . . . . . . . .. 
Tetraboron silicide, + 1.425 
rhombohed.; 2.44 
Hexaboron silicide, + 2.147 
rhombic; 2.45 
Tetraboron silicide + 0.581 
Hexaboron silicide + o. 369 
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Reactions involving solids occur at a reactant-solid interface 
and the rate of product formation may be dependent on: 
(a) The generation of an interface (Nucleation), 
(b) The rate of progress of the interface through the solid. 
In the following discussion let B be the reacting solid and A the reacting 
gas or the faster diffusing species (in the case of two solids). 
Process (a), the formation of product nuclei, generally gives rise 
to a 'degree of reaction(a)' against time (t) curve which is acceleratory. 
When sufficient nuclei growth has occurred to envelop reactant B, the process 
becomes deceleratory andis usually limited by the diffusion of reactant A 
through the product layer AB. The consecutive occurrence of these two 
processes gives rise to a sigmoidal a-t curve, However, most processes 
proceed at an interface which is initially estab lished over all surfaces 
of the solid. 
When the molecular volume of the product is less than that of the 
reactant a linear rate may be observed due to further reaction proceeding 
via cracks in the product layer. If the product forms a coherent layer the 
kinetics become limited by solid state diffusion giving rise to a parabolic 
rate la'~ (Jander, 1928): 
dx 
dt' 
K 
X 
(1) 
where·x is thickness of product layer at timet and K is a constant 
or: x2 = 2Kt + ·c (2) 
This law is only applicable when the product layer is relatively thick 
(especially for a more ionic product), since an electric field may develop 
·at the reactant-product interface, the effect of which may extend through a 
·thin layer. 
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If cracking occurs in a coherent product layer a logarithmic 
time dependence may be found (Tammann 1925): 
X = K log t + c --------- (3) -, 
Since the thickness of the product layer, x, is difficult to 
measure in powder samples, Jander modified equation (2): 
1 2 [1-(1-a)J] = Kt 
--------- (4) 
l>~here a = degree of conversion of reactant (B) to product (AB), 
Budnikov and Ginstling (1968) pointed out that since Jander's 
equations were derived from Fick's law for the case of a planar diffusion 
layer, they should only be applicable to the case of powder particles for 
small values of product layer thickness. (For the purpose of discussion, 
the grains of a powder may be considered to be cubic or spherical in . 
shape).- These workers considered the general reaction of substance A with 
solid B (of spherical symmetry) to give a product layer of continuously 
increasing thickness. The overall kinetics of the process was assumed 
to be entirely dictated by the rate of diffusion of A through the product 
layer (Figure 1.5.1.). They deduced that the rate of growth of product 
layer is given by: 
dx = 
dt --------- (5) 
where Kl = DCi 
e: 
D = diffusion coefficient of A in AB 
Ci = a corrected value of cl 
e: = a proportionality coefficient 
= £.!l 
\-1 
where p = density 
\-1 = molecular weight of product AB 
n the number of moles of A 
reacting with one of B. 
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FIGURE 1. 5. 1. BUDNIKOV AND GINSTLING MODEL 
A 
R = initial radius of B 
X thickness of product layer at time t 
c concentration of A in product layer AB 
= c at interface B/AB 
0 
cl at interface AB/A 
Integration of (S) gives 
= 
where K1 
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K' t 
= 2K 1 
--------- (6) 
dx/dt has a minimum m equation (S) when x = R/2. Thus, the rate 
progressively falls until x/R 0,5 and then increases again. However, 
the rate is not infinite when x/R~ 0 or x/R --:;;.1. since in these cases 
dx/dt is determined by the rate of chemical reaction. 
In order to obtain a more generally useful expression describing 
the degree of conversion (a) of B into AB, we have to express x in terms 
of a. If R is the radius of the spherical grain (or h~lf edge length of a 
cubic grain), then 
a 
--------- (7) 
.hence 
--------- (8) 
Substituting (8) into (5) and (6) we have 
da 3K2 (1-a)-! 
dt 2R2 1 [ 1- (1-a)1'] 
--------- (9) 
and 
2 
1 - 2a- (l-a)'! = K' t 
--------- (10) 3 
Equation (9) has been found to describe the kinetics of several solid 
state reactions, e.g. reaction of sodium carbonate with silica (Budnikov and 
Ginstling, 1968). 
.. ·. 
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1.5.2. PREPARATION AND APPLICATIONS OF BORON SILICIDES 
The preparation of boron silicides has been reviewed by Samsonov and 
Sleptsov (1964) and Lamikov (1968). 
The apparent failure of several earlier workers to prepare boron 
silicides was probably due to the lack of X-ray diffraction data for 
product identification (the pattern of B6Si resembles that of crystalline 
boron) and to the masking effect of any residual silicon which possess a 
strongly diffracting nature. Also, several early synthesis attempts were 
based on the assumption that fusion of the reactants is necessary, and 
although this method has been successfully employed (e.g. Brosset and 
Magnusson, 1960), such high temperatures are not essential, 
Colton (196la)demonstrated that amorphous boron and crystalline 
silicon react \vithout fusion in a solid-state reaction in air or inert 
atmosphere; a low boron-silicon ratio (1:1 or less) favours the formation 
of tetraboron silicide, B4Si (as opposed to hexaboron silicide, B6Si). 
0 Temperatures below 1370 C are necessary for the preparation of B4Si, since at 
highe~ temperatures the latter disproportionates into B6Si and_silicon. 
Cyrstalline boron \vas found to retard the reaction rate which was still 
0 
appreciable at as low a temperature as 1210 C. 
Feigelson and Kingery (1962) found the solid-state reaction of the 
elements 1n argon at '1330°C to be sa'tisfactory for producing B4Si. The 
greatest yield of B4Si without associated free boron was achieved by reacting 
excess silicon in the silicon to boron weight ratio 2:1 after reaction for 4 
hours. The excess silicon was removed by treatment with bromine gas ·at 425°C. 
0 Pure B6si can be formed by reaction of the elements at 1630 C in the 
presence of excess silicon (2:1 as above); the excess silicon can be 
removed by treatment with mixed HF and HN03• 
.::r 
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These reactions may, therefore, be written as: 
4 B + Si <1370°C 
INERT ATM~ B4Si -------- (1) 
6 B + Si >1JZ0°C ~ B6Si -------- (2) INERT ATM. 
Brosset and Magnusson (1960) claimed ~hat pure B4si, apparently free from 
B6Si and silicon, can be prepared from a stoichiometric mixture heated at 
' 
1200°C for about three weeks in an argon atmosphere. 
Of the possible production routes, the direct synthesis from the 
elements gives the purer products required for special applications or 
research. The purity of the product depends largely on that of the silicon, 
since the impurities in boron are usually more volatile. At high temperatures, 
contamination by the crucible material is minimised by using boron nitride 
which has been heated in hydrogen to remove oxygen. 
Rizzo et al (1960a, 1960b) prepared tetraboron silicide by sintering 
boron-silicon mixtures both in air and in vacuum and by the silicon 
reduction of boric oxide in air: 
xSi + yB = z02 
1385 - 1480°C~ 
7 Si + B4Si + B6Si AIR 
(3) 
+ borosilicate glass 
0 . 
1000 - 14oo c) s· B s· B s· ~ + 4 ~ + 6 ~ 
AIR 
(4) 
+ borosilicate glass 
These workers stated that the preparation of pure B4Si by sintering of the 
elements according to equation (3) is difficult due to the strong tendency 
for B6Si to be formed. Hmvever, Colton (1960) had already reported that 
B4Si is unstable above 1370°C. Rizzo et al found the reduction reaction 
between stoichiometric mixtures of silicon and boric oxide at 1100°C for 
20 hours produced boron and B4Si free of B6Si. 
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Other reactions which have been employed for the preparation 
of bo'ron silicides include Thermite reduction (Samsonov, and Latysheva, 1955) 
and the vapour phase reduction of the gaseous halides with hydrogen 
(Kolarov, 1966): 
THERMITE 
-------- (5) 
REDUCTION 
·VAPOUR-PHASE 
xSiCi4 + yBCi3 + zH2 ·------------~BnSi + HCi (gas) REACTION (6) 
Samsonov and Slepstov (1964) successfully employed sintering and 
fusion reactions for the preparation of boron silicides and in addition 
achieved preparation by the hot-pressing of powder mixtures, These workers 
also found that B4Si could be prepared by the thermal reduction of silicon 
dioxide with boron in vacuum, however, B6Si could not be prepared by this 
method even at higher temperatures. 
Articles of boron silicide (both B6Si and B4Si) can be readily 
fabricated by cold pressing without binders; the material can also be 
slip cast, hot-pressed or flame sprayed. If the material is cold pressed 
at about 10,000- 20,000 p.s.i. (6.85 x 10 7 - 13,70 x 10 7 Nm-2) and then 
sintered in air at about ll00°C, oxide bonds are formed and the resulting body 
is strong enough to be machined by ordinary. machine tools. The machined body 
LS then refired for up to 24 hours at 1350°C in air and an extremely hard, 
dimensionally stab le body 1s formed. (Col ton 196lb, 196lc). Since 
virtually no shrinkage occurs during the refiring, this ·process is similar 
to the machining of partially nitrided silicon follo,ved by complete reaction 
to silicon nitride (Section 1.5.2(a)), 
The high boron content of the boron silicides and the resistance 
of the oxide-bonded material to high-pressure water suggests applications in 
nuclear reactors as a neutron control device or shielding structure. The 
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materials' outstanding resistance to oxidation and thermal shock commends 
its use as a refractory in furnaces and kilns, particularly where other 
boron materials such as the carbide or nitride would oxidise severely at 
high temperatures in air. Also, the semiconducting properties of the boron 
silicides have yet to be fully investigated and utilised. 
1.5.3(a).PREPARATION OF SILICON NITRIDE 
Silicon nitride is commonly produced by nitriding silicon powder 
in nitrogen or ammonia at temperatures in the region 1200 - 1450°C, Un-
compacted silicon powder will undergo reaction bonding, i.e. consolidation 
by reaction of the constituents in situ, but for the production of articles 
silicon compacts are usually employed. Articles may be fabricated by this 
route, since silicon powder compacts undergo no dimensional changes on 
nitriding; the 20% lattice volume change is accoiiiiiiodated by growth in inter-
particle voids in contrast to the shrinkage which occurs in the sintering 
of oxide ceramics. The compacts may be prepared by adding a binder such as 
water (Parr, Martin and May, 1960) and cold pressing in steel dyes or by 
is os tatic pressing, The green density influences the final bulk density 
and hence, mechanical strength of the product, The usual bulk density is 
-3 1;7- 2.7g. cm , corresponding to 50- 15% porosity. 
The rate of reaction is temperature-dependent. To ensure complete 
reaction, Popper and Ruddlesden (1961) employed particle sizes below 200 mesh 
0 
and temperatures up to 1400 c. Atkinson et al (1~72) have investigated the 
influence of nitrogen flow into the compact on the overall kinetics and found 
the pore size also to be important. 
Accounts of the production of reaction-bonded material are given by 
Parr, Hartin and May (1960), Parr and May (1967) and Godfrey (1969). Reaction-
bonding is normally carried out in two stages, the first below and the second 
. 0 
above, the m.p. of silicon, e.g. 1350 and 1450 C. Below the m.p. an 
' 
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interlocking acicular growth of a-silicon nitride is formed which bonds 
the silicon particles together. When the temperature is raised above the 
m.p. of silicon, the reaction occurs more rapidly and the molten globules of 
the latter are retained in position to form a granular phase which some 
workers consider to be a mixture of the a- and B- nitrides (Thompson and 
Pratt, 1966) and others the pure B- nitride (Parr and May, 1967). This two-
stage process is employed, since sintering below the m.p. of silicon tends 
to completion only after excessively long times, also, the a/B ratio is 
dependent upon the proportions of sintering at each stage (Evans and Davidge, 
1970}. The latter factor permits some control over the texture of the final 
product. 
More intricate shapes may be produced by machining the partially-
nitrided body. A rough shape is pressed from silicon powder and fired for 1 
0 hour at 1200 C, undergoing about 7 - 10% nitridation. This has sufficient 
strength to be machined but is soft enough for ordinary machine tools to be 
used. When the firing is complete the machined dimensions are maintained 
to within 0.1% (Popper and Ruddlesden, 1961). 
The mechanical properties of the reaction-bonded material have been 
investigated by Barnby and Taylor (1970}, Evans and Davidge (1970) and 
Godfrey and Lindley (1972). Glenny and Taylor (1961), Lloyd (1967) and 
Ashcroft (1972) also studied the hot-pressed material• The microstructure of 
both forms of material have been studied by Evans and Sharp (1971) using ion 
beam thinning and transmission electron microscopy.· 
Other methods used for the preparation of silicon nitride are: 
(i) The reaction of silicon tetrachloride with ammonia to form an 
addition compound and its subsequent decomposition at 800°C in 
nitrogen or hydrogen (SOt-la, 1952). 
(ii) The thermal decomposition of di-imido-silane, Si (NH) 2 , (Glemser. 
et al, 1957). 
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(iii) In the electronics industry, amorphous silicon nitride films are 
prepared by chemical vapour deposition using the silane-
ammonia reaction: 
. -------- ( 1) 
or the silicon tetrachloride-ammonia reaction: 
3 SiCt4 + 4 NH 3 ) Si 3N4 + 12 HCR. - -------- {2) 
(Duffy and Kern, 1970). 
(iv) Non-crystalline thin films can also be prepared by direct and 
reactive radio-frequency sputtering (Miller, 1970). 
(v) Silicon nitride fibres have been prepared·from silicon monoxide, 
ammonia and hydrogen: 
3 SiO + 4 NH3 
1426 - l483°C 
and found to consist of roughly equal amounts of the a- and B-
phases (Cunningham and Davis, 1969). 
Although silicon nitride technology is at an advanced stage, the 
understanding of the kinetics of the nitriding process is incomplete and the 
reported data are often contradictory. It is known that the rate of reaction 
is influenced by impurities in the silicon and by intentional additions such 
as Fe and CaF2• MUller and Hollerer (1967) found that the rate at 1300°C was 
practically doubled by 2 wt. - % additions of Mn, Fe, Co, Ni, Pd and Pt. The 
presence of o2 or H2 in the nitriding atmosphere is also important. 
Evans and Chatterji (1958) reacted blocks of silicon in pure 
nitrogen and observed erratic weight gains which they attributed to the 
formation of a volatile nitride, but in argon containing 0.2% nitrogen a 
logarithmic law was found. In contrast, Frieser (1968) observed low rates 
of reaction and concluded that the direct nitridation of semiconductor purity 
single crystals was not feasible for producing coherent nitride layers. 
Komchatka and Ormont (1971) reacted ammonia with semiconductor 
purity single crystals and found a logarithmic law, but with rates of 
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nitridation about two orders of magnitude less than those of Evans and 
Chatterji. In fact, they haci expected higher rates due to the presence of 
'nascent' nitrogen from the dissociation of ammonia and the removal of 
chemisorbed oxygen by the hydrogen, An activation energy of 57.8 k cal 
-1 
mole was found, 
HUttinger (1970) nitrided single crystals of semiconductor purity 
in pure nitrogen (p < 
02 
activation energy of 92 
10-7 atm.) and found a linear rate law and an 
-1 k cal mole , X-ray and electron microprobe analysis 
revealed the existence of an a- cristobalite layer 
covering a layer which consisted of constant as well as changing N2 to2 
concentration ratios in different parts. However, no Si - N or Si - N - 0 
compounds were detected by X-ray analysis although the layer thickness was 
calculated to be about 10 ~m. Two possible explanations were suggested 
for the composition of the layer: 
(i) Increasing amounts of amorphous silicon nitride or oxynitride 
coexist with crystalline a- cristobalite. 
(ii) A continuous transition from a- silicon nitride at the interface 
with the silicon, to silicon oxynitride at the surface. 
Earlier this worker (Hlittinger, 1969) had also found a linear 
-1 
rate law and an activation energy of 156 k cal mole for the nitriding of 
commercial silicon potvder which he attributed to the catalytic effect of 
impurities in the latter. In contrast Popper and Ruddlesden (1961) had 
observed an approximately parabolic rate for the nitriding of commercial 
silicon powder. 
Thompson and Pratt (1967) reacted impure silicon powder compacts 
(987. Si) in purified nitrogen and found that their data (and those of some 
other workers, with the exception of Popper and Ruddlesden [1961]) could 
initially be represented by a logarithmic law. They concluded that nitriding 
proceeds largely by migration of nitrogen along microcracks. Th.e volume 
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change on nitriding was assumed to lead to exfoliation resulting in the 
creation of microcracks in the nitride.film and voids between the film 
and the silicon. 
1.5.3(b) APPLICATIONS AND TECHNOLOGY OF SILICON NITRIDE 
The unique combination of properties possessed by silicon nitride, 
such as resistance to thermal shock, chemical attack and oxidation, high 
electrical resistance and good mechanical strength, has led to its widespread 
use in engineering applications. Surveys of the applications of the material 
are given by Sage and Histed (1961), Parr and May (1967) and Godfrey (1969). 
Silicon nitride resists attack by many molten metals and slags and has been 
used for thermocouple sheaths and dies in the aluminium industry; it has 
also been employed in the construction of high temperature fluid bearings 
(Dee, 1970). 
As the potentialities of silicon nitride have become realised, the 
need for different grades of the material for specific applications has led 
to the growth of an extremely extensive fabrication technology. Crucibles 
and heating-element supports can be made by slip casting, and intricate 
shapes such as gas turbine blades by injection.moulding. 
Silicon mixed with about 20% by weight plasticised thermoplastics 
can be injection moulded followed by debonding and nitriding. Cold extrusion 
is used for producing rods and bars, and warm extrusion for tubes and coils. 
Warm compression moulding of silicon and·~plasticised thermoplastic yields 
a material which can be machined with tungsten carbide tools. A similar 
technique is used for the production of thin films. (Matkin et al, 1972). 
If graphite is added to the silicon-thermoplastic mixture the nitrided 
product can be used as an electrical resistance heater capable of 
· 1 2 KW cm- 3 generat1ng - Intricate shapes can be made by the flame-sprayed 
·. 
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deposition of silicon powder followed by reaction bonding (Brown, 1967). _ 
Cellular silicon nitride of approximately 75% porosity ~s used 
as a high temperature thermal insulator (Lindop, 1970, Valentine and 
Matkin, 1972). Fibres of silicon nitride for composite reinforcement 
have been prepared by reacting nitrogen with silicon vapour at 1400°C 
(Fishlock, 1966) and Parratt (1964) has studied silicon nitride whiskers 
in silver and resin matrices. Composites of silicon nitride and silicon 
carbide with high toughness have been prepared by Lindley and Godfrey (1971). 
Thin films of amorphous silicon nitride, formed by a variety of 
techniques, are extensively employed in the electronics industry. The 
material is used as a diffusi_on mask, surface passivation medium and thin 
film insulation for semiconductor devices. [Gregor, (1969); Kohler (1969); 
Duffy and Kern (1970).] 
1.5.4. PREPARATION AND APPLICATIONS OF SILICON OXYNITRIDE 
Unlike the nitrides of silicon, the oxynitride, Si2oN2 , occurs 
naturally in nature. A mineral of this composition, sinoite, was discovered 
in the Jah deh Kot Lalu meteorite (Anderson, 1964) and subsequently in four 
other meteorites of the enstatite chlondite variety. 
Although Si20N 2 has a formula that appears to be a combination of 
Si3N4 and Sio2 , it cannot be formed simply by mixing and heating these two 
materials together (Washburn 1967). However, mixtures of Si3N4 , Sio2 and 
Si20N2 react slowly at 1500°C and higher temperatures to increase the 
proportion of Si20N2 (Ryall and Muan, 1969). 
Guzman and Turnakova (1965) investigated the behaviour of silicon 
thermal processing in carbon fillings and proposed the overall reaction 
3 Si + CO + N2 -'----:--- (1) 
! 
I. 
I 
I 
I 
I 
i 
i 
I 
i 
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which was later confirmed by Sadkovski et al (1968), Guzmann and 
Tumakova (1969) established that Si2oN2 is formed through the intermediate 
formation of silicon monoxide, SiO, Guzmann et al (1970) nitrided silicon-
silica mixtures and showed that the optimum mole ratio is 3:1, the reaction 
proceeding according to 
Si + Si02 --)~ 2Si0 
2Si.+.2Si0 + 2N2 -------- (2) 
The nitridation of a 1:1 mole mixture of Si and SiO at 1450 - 1470°C 
produced Si2oN 2; no other phases were detected, Pursova and Guzmann (1969) 
showed that the form of silica employed did not affect the basic process. 
During the synthesis, some oxygen is lost due to the volatility of SiO; 
this upsets the Si :Sio2 ~ole ratio and leads to the formation of Si 3N 4• 
However, this does not exert a detrimental effect on the properties of the 
reaction-bonded material (Zabruskova ~ al, 1971). 
Silicon oxynitride can also be prepared by heating the products of 
ammonolysis of hexachloro-disiloxane: 
1 
X 
trimidio-disiloxane 
l 
+ 
-------- . ( 3) 
This process of Schumb and Lefever (1954) gives an amorphous compound which 
still contains a little residual chlorine, owing to the difficulty of 
completely eliminating the ammonium chloride, 
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Marchand (1970) obtained silicon oxynitride by the. action of 
ammonia on silica of high specific surface (130m2g-l): 
+ + (4) 
0 The reaction starts at 550 C but the best results are obtained by heating 
at 900 - l000°C for several days. The product is amorphous and also of high 
2 -1 
specific surface (123m g ), hence no sintering or crystallisation has 
occured. This oxynitride was found to have low thermal stability, 
0 -2 dissociation starting at about 800 C in a vacuum of 10 torr, and at about 
l000°C in nitrogen, Between about 1200 1300°C the decomposition gives 
pure a-Si 3N4; at higher temperatures both a- and B-Si 3N4 are formed, The 
same results are obtained by heating in a current of ammonia. 
After heating this compound in oxygen at temperatures between 600 
and 1450°C, Marchand found weight gains which corresponded to approximately 
three quarters of that expected for the formation of silica, i.e. an 
oxynitride-type compound is formed: 
-------- (5) 
This is also white, and remains amorphous until about 1200°C. At 1450°C 
a well crystallised product is obtained whose X-ray pattern resembles that 
of a- cristobalite with twice the usual unit cell dimensions. Thus, 
Si 8N2o13 may be considered to correspond to a superstructure of a-
.cristobalite 1n which 3 oxygen atoms out of 16 are missing, the gaps being 
occupied in 2 out of 3 cases by nitrogen atoms. 
One of the main applications of silicon oxynitride is as a bond in 
silicon carbide refractories, This bond has been shown to be superior to the 
silicon nitride or silicate variety when used in structural and corrosive 
environments. Nitride- or oxynitride-bonded refractories have been used as 
rocket nozzles, turbine blades and as aluminium reduction cell linings. 
[Washburn, (1963); Voronin ~ al (1967)), 
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1.6. SINTERING AND HOT-PRESSING OF NONMETAL SILICIDES I 
1.6.1. SINTERING I 
The phenomenon of the adhesion of powder particles which occurs I 
I 
at elevated temperatures is kno'~ as sintering. The term is a broad one 
. . I 
and evades precise definition, but it always involves a reduction in the 
specific surface of the solid and usually a shrinkage of the compact 
I 
I 
.I dimensions, brough about by heating to temperatures below the melting point 
of the solid. 
The chemical reactivity of silicides is controlled considerably 
by the extent to which they have been sintered during their formation and 
any subsequent calcination, At present there is much more information on 
the sintering of oxides and a limited amount on nitrides (Glasson and 
Jayaweera, 1968). 
Many studies have been concerned with determining the optimum 
parameters for a commercial process. A large number of variables may 
affect the kinetics of the process and the properties of the products, e.g. 
the nature of the powder, pressing conditions, impurities or intentional 
additions, sintering time, temperature and atmosphere. Other studies have 
been carried out using model systems, such as pairs of spheres, with the 
object of identifying the mechanisms of material transport. An excellent 
review of the newer theories of sintering has been made by ThUrumler and 
Thomma (1967). 
After Coble (1961) we may define, for convenience, three stages 
involved in the sintering of a powder compact to the dense material: 
(i) the first stage of neck growth between particles, before any grain 
growth has occurred, and the total shrinkage is only a few per cent. 
(ii) after some grain growth has occurred, the .pore phase is a 
continuous channel, and all pores are intersected by grain boundaries. 
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(iii) when the pore phase has become discontinuous with the pores on 
grain boundaries, ~alternatively, they are isolated from the boundaries 
if discontinuous grain growth has occurred, 
The phenomenon of grain growth which can occur concurrently with sintering 
may exert a considerable influence on the kinetics and when it occurs in an 
uncontrolled fashion it may effectively terminate sintering. 
The driving force for sintering is the reduction in surface free 
energy of the system which occurs when solid-vapour interfaces are replaced 
by solid-solid ones of lower energy, together with the lattice energy 
arising from the existence of excess vacancies and dislocations and internal 
stress, This excess energy is sufficient to account for sintering providing 
a suitable mass transport mechanism is available. 
The possible mechanisms are:-
(1) Evaporation followed by condensation. 
(2) Surface Diffusion. 
(3) Lattice diffusion, 
(4) Viscous flow (Newtonian flow, characterised by a linear 
relationship bet\~een strain rate and stress). 
{5) Plastic flow (Bingham flow, in which the strain rate 
is proportional to the excess of the applied stress over 
some threshold yield value), 
Kuczynski (1961) deduced that the tensile stress (cr) arising 
in the neck between two spheres (Fig, 1.6.1.) due to surface tension (y) 
is given by: 
a = y (1 
c; 
c 
1 ) "' l. r) r 
n · c 
s~nce r >> r 
n c 
(1) 
As a consequence of this stress, an excess exists over the equilibrium 
concentration, c , of vacancies beneath the neck surface given by: 
0 
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and similarly, a reduced vapour pressure given by: 
~ = -
Po (3) 
This leads to vacancy diffusion away from the neck (via either surface 
or lattice) to vacancy sinks, or to isothermal transport via the gas 
phase by evaporation from the particle surface and condensation at the 
neck. 
The processes of evaporation-condensation and surface diffusion 
can lead to neck growth but not to densification. It has been established 
that the sintering of glass (Newtonian solid) occurs by viscous flow and 
that foi: metals (Bingham solids) plastic flow only occurs in hot-pressing 
where the applied pressure plus the tensile stress, o, can exceed the 
yield stress of the metal. 
Surface diffusion requires the least activation energy of all 
types of diffusion, and probably occurs to some extent in all sintering 
processes. However, most evidence supports the view that in single phase 
crystalline materials sintering occurs mainly by lattice diffusion. This 
was first demonstrated by Kuczynski (1950) who predicted that the time 
dependence of neck growth could be described·by the general equation: 
= F(T)t (4) 
where F(T) is a function of temperature only, 
and n = 2 m= 1 for viscous or pla~tic flow 
3 1 for ~vaporation-condensation 
5 2 for lattice diffusion 
7 3 for surface diffusion. 
The diffusion mechanisms are illustrated in Figure 1.6.1. 
62 
Lattice diffusion is usually considered in terms of vacancy 
diffusion, the possible paths are: 
A 
B 
c 
and D 
from the neck surface to the grain boundary 
(either lattice or grain boundary paths), 
from dislocations within the crys,tals to the grain 
boundary, 
from the neck surface to the particle surface, 
from the neck surface to dislocations within the 
crystals. 
Of these paths, C and D do not lead to densification, 
The kinetics of the diffusion processes are complicated by 
uncertainties in the type and geometry of the vacancy sources and sinks. 
Dislocations,by climbing, can be effective as both sources and sinks 
although this has be·en disputed by some workers (von Bueren & Hornstra, 
1961) 1 consequently paths Band Dare less favourable. 
Kingery & Bergs' (1955) observations on the initial sintering 
of copper spheres supported their lattice diffusion model with the grain 
bqundary sink. Alexander & Balluffi (1957) also reported verification 
of a similar model, and observed that pores disappeared preferentially in 
the neighbourhood of grain boundaries. The first experimental verification 
of this model.for a ceramic material, alumina, was made by Coble (1958). 
Most quantitative studies have been confined to the initial stage 
of sintering, Of the few attempts to derive equations for the later stages, 
where the porosity 1s less than 10%, the most important is that of Coble 
(1961). A lattice diffusion-grain boundary sink mechanism is employed 
together with the classification of stages listed above •. 
After the initial stage, the spheres of the model system adopt the 
form of 14-sided polyhedra. The pore phase of the intermediate stage then 
consists of continuous channels along three-grain edges of the polyhedral 
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grains and in the final stage all pores lie on four-grain.corners. 
The models predict that the isothermal rate of pore volume change is 
given by: 
where 
dP 
dt 
a 
0 
k 
N 
"' 
"' 
"' 
ND ya5 
R- 3 kT 
lattice spacing 
Boltzmanns constant 
a constant 
"' 
10 for 
61T for 
"' 2 
-------- (5) 
the intermediate stage 
the final stage. 
If temperature T is fixed, so are the diffusion coefficient_D and the 
surface energy y. 
The grain size increases with the one-third po1Jer of time, hence 
putting R. 3 "' At, we have 
dP 
dt 
ND ya~ 
Atk T 
which integrates to 
"' 
-------- (6) 
-[ R.n t (7) 
AkT 
Thus the densification rate changes linearly with log time as was 
observed for alumina compacts. 
In most polycrystalline materials, at high temperatures grain 
growth occurs, driven by surface tension, such that some grains are 
eliminated. In general, grains meet in groups of three at points; 
0 
surface energy requires the interboundary angle at these points to be 120 • 
Because grains have various numbers of sides, it is necessary that most 
of the boundaries be curved, grains having fewer than six sides (in a given 
plane) having concave boundaries and vice versa. To decrease their total 
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area, boundaries will move towards their centres of curvature, thus grains 
having more than six sides will grow larger, and those with less than six 
will grow smaller. 
Because a grain boundary has difficulty in migrating past an 
inclusion the final grain size will be smaller the greater the volume fraction 
of inclusions. Grain growth stops when none of the grain boundaries has 
sufficient curvature to migrate past the inclusions. If we now introduce 
a grain with a large number of boundaries these will be more strongly curved 
and therefore able to move past :lnclusions; this grain will grow and 
consUme its neighbours, i.e. discontinuous growth occurs, This 
phenomenon is often responsible for the cessation of shrinkage before all 
pores have been removed, 
The traditional sintering models assume a single mechanism to 
be operative but in actual systems several mechanisms may be acting 
concurrently. Recently, Johnson (1968, 1971) has employed computer 
synthesis techniques to predict initial sintering behaviour for the case 
of multiple mechanisms. Easterling & ThBlen (1970) have also employed 
computer simulated models for the case of a diffusion mechanism. Sintering 
still constitutes an area of active research and it is important to realise 
that results obtained on a given class of materials are not necessarily 
applicable to other classes. 
lrikkanen & Yl~saari (1969) state that, according to the modern 
viewpoint, the essential item in the densification process .is the 
annihilation of vacancies at grain boundaries, but.that exactly how this 
comes about remains unanswered, Also, compared with the massive material, 
a powder system contains a much higher concentration of vacancies situated 
in the pores and. a higher concentration of dislocations. They therefore 
claim that macroscopic model systems are not suitable for studying the role 
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of dislocations ~n the densification process. They show that traces of 
dispersed phase can simultan~oysly prevent densification. and increase 
creep strength. From this they conclude that since the .latter effect is 
known to be due to the prevention of dislocation movement, the same is 
also true for densification inhibition. 
Kislyi & Kuzenkava (1969) claim that for brittle materials, 
particularly refractory compounds, the intense shrinkage in the initial 
period of sintering is chiefly linked with threshold creep processes 
taking place under the action of surface tension forces, the particle 
size being less than a critical value for the material (0.2- 5~m). 
Recently, hot-stage electron microscopy observations on the 
sintering of Fe and Fe-Ni powders were claimed to have shown that, in the 
absence of an external load, dislocations play no part in sintering, even 
in the earliest stages of neck growth (Easterling & ThBlen, 1970). 
In contrast, Morgan (1971) observed dislocations in refractory materials 
(aluminium, magnesia and tungsten) by means of electron microscopy, using 
extremely high heating rates and temperatures (up to 2450°C). He suggests 
that dislocation motion by slip contributes to the sintering process for 
small-particle-size refractory materials, occuring concurrently with the 
diffusion processes. 
Densification is often promoted by the presence of a second 
component which is liquid at the sintering temperature. The degree to 
which the liquid wets the solid will largely deter~mine the characteristics 
of the subsequent sintering (Eremanko, 1965). Kingery (1959) distinguishes 
three stages: 
'{i) Rearrangement of the solid particles by viscous flow ~n the liquid 
phase under the action of surface tension. 
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(ii) When there is some solubility of the solid in the liquid, 
dissolution and re-precipitation can occur with the driving 
force arising from the increased compressive stresses, hence 
giving higher solubility in the contact zone and precipitation at 
regions of lower stress. 
(iii) Coalescence, which occurs when. there is incomplete wetting (angle 
of contact < 90°) and the grains are partly in contact, After 
the rearrangement stage the normal homogeneous sintering 
processes take over. 
No sintering data exists in the literature for either the silicon 
nitrides or boron silicides, Popper·and Ruddlesolen (1961) stated that 
pure silicon nitride powder cannot be sintered (or hot-pressed); a more 
suitable description would probably be that it does not densify on heating. 
Indeed, a material of sufficient density and strength for commercial use 
has not yet been produced by sintering alone, as is the case for the 
analogous systems silicon carbide, SiC, and alumium nitride, AiN, 
Tone (1931) suggested tha~ SiC sinters by evaporation-condensation 
only, although the dense material has been made by reaction sintering 
(Popper 1960). Billington et al (1964) found·no detectable shrinkage ~n 
0 the sintering of SiC below 2500 C, and suggested that evaporation-
condensation or surface diffusion must be the major mechanisms. 
Komeya & Inoue (1969) found that the rate of sintering of AiN 
increased with decrease of particle size; the diffusion constant was also 
found dependent on particle size. These '~orkers suggest that the 
predominant mechanisms are respectively, lattice diffusion in coarse powder 
and grain-boundary or surface diffusion in fine powder. 
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It is to be expected that the boron silicides would be similar 
in their sintering behavious to the boron carbides due to the 
similarity in structure, Glasson & Jones (1970) found that the sintering 
of B4c is enhanced by increased temperature and time of heating, and 
accelerated by addition of metals such as chromium, and transition metals 
generally (Chaudhry, Glasson & Jones, 1970-1973), This was demonstrated 
by the change in specific surface of samples heated isothermally at 
HmJever, growth and adhesion of crystallites and 
aggregates above micron size was extensive only above 1800°C. This is over 
80% of the m.p. of n4c (2350°C) in °K, which is much greater than the 
50-70% ratios usually quoted as the Tammann temperatures (the temperature 
at which lattice diffusion is appreciable) for ceramic oxides anq nitrides, 
Jackson (1961) reported that for most borides and carbides, 
including B4c, final consolidation is not achieved until the ratio is about 
90%, The increased covalency of these compounds, compared with many oxides, 
inhibits surface and grain-boundary diffusion characteristic of many 
oxides and ionic nitrides, Hence diamond and borazon (cubic BN), \Jhich 
are the ultimate in three-dimensional covalent structures, cannot be 
compacted to final density even by hot-pressing. In addition to the low 
atomic mobilities of materials such as Si 3N4 , SiC, B6Si etc., they generally 
have high vapour or decomposition pressures at sintering temperatures, 
1.6.2. HOT-PRESSING 
The simultaneous application of heat and pressure is kno\Jn as 
hot-pressing or pressure-sintering. This process is being increasingly 
employed, s1nce it can ·achieve objectives which cannot normally be 
attained by conventional pressureless !!_intering. Thus, due to the 
relatively short time cycle, certain refractory materials can be 
. . .... _ _. ... 
fabricated with controlled microstructures, vlithout the use of additives 
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to inhibit grain growth; in general polycrystalline materials exhibit 
decreasing strength with increasing grain size, 
Compared with pressureless sintering, increased densification 
rates are observed, and by means of a suitable choice of parameters, 
especially particle size (usually sub-micron), theoretical densities can 
often be attained, In conventional sintering, unless additives are used, 
normal and discontinuous grain growth make it difficult to achieve 
relative densities of greater than 98%. In general, the densification 
rate increases with temperature, pressure, and decreasing particle size. 
The additional pressure variable and the pressure-temperature 
interaction may be expected to give rise to mass transport mechanisms 
which are different from those arising from the application of heat alone, 
In any discussion of hot-pressing mechanisms it.is important to distinguish 
between the processes of plastic flow and Nabarro-Herring diffusional 
creep. 
The plastic deformation of crystals takes place by the movement 
of dislocati9ns. Crystallographically, the process mainly consists of 
crystal elements gliding over one another, this is known as slip. The slip 
.direction and the plane of slip usually have a definite crystallographic 
orientation. The temperature dependence of slip processes is related to 
the resistance of the lattice to dislocation movement; it is greatest for 
hard materials, particularly for nonmetals, 
Creep is defined as plastic flow under constant stress. Unlike 
plastic action, flow continues as long as the stress is applied. The 
mechanisms contributing to creep are: 
' I 
I 
i i 
I 
1 
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(i) the glide of dislocations leading to slip, 
(ii) The climb of dislocations, 
(iii) the sliding of grain boundaries, and 
(iv) the diffusion of vacancies. 
The best creep resistance at high temperatures is found for covalent 
materials such as SiC and Si3N4• 
In Nabarro-Herring diffusional creep the grain boundary acts as 
a source and sink for vacancies. The grain yields to an applied (shearing) 
stress by the flow of a·toms away from boundaries where there is a normal 
pressure and towards those where there is a normal tension. 
Most of the earlier work was concerned \vith the plastic flow 
mechanism, considered from a phenomenological point of view. Mackenzie and 
Shuttleworth (1949) derived expressions .for conventional sintering by 
considering isotropically distributed spherical pores as if they were under a 
hydrostatic pressure that decays with increasing distance from the pore. 
Murray et al (1954) modified these expressions for the effect of external 
pressure and obtained the 1st order kinetic equation 
dD 3P (1-D) 
dt 4n 
where D = relative density at time t 
p = a pp lied pressure 
n c viscosity. 
Integrating, we have 
R.n (1-D) 
when t 0, D = D
0
, the initial density, 
) 
) 
) 
) 
) 
-------- (1) 
c.g.s. units. 
-------- (2) 
C = R.n (1-D ) • 
0 
Hence, a plot of R.n (1-D) against time should yield a straight line. 
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The above equation has been verified for the hot-pressing of 
fused silica (Vasilos, 1960). As one would expect for an amorphous material 
or a ductile one. However, a similar expression, deduced from rheological 
theory, has been verified for the hot-pressing of WC (Kovalchenko and 
Samsonov, 1961) which is by no means ductile or amorphous. 
Satisfactory agreement between theory and experiment was not 
always obtained by other workers and during the past decade attempts have been 
made to descr"ibe hot-pressing in terms of enhanced diffusion mechanisms. 
Vasilos and Spriggs (1963) achieved theoretical densities for 
Al2o3 and MgO, and concluded that densification beyond the initial stages 
was essentially diffusion-controlled occuring by lattice diffusion enhanced 
by the stresses due to hot-pressing, or by Nabarro..:Herring diffusional creep. 
The same conclusion was reached by Coble and Ellis (1963) after studying the 
effect of load on a pair of AQ.2o3 spheres at 1530°C. Rossi and Fulroth 
(1965) corrected the Nabarro-Herring equation for the effects of porosity 
and die-wall constraint, and obtained diffusion coefficients for At2o3 which 
agreed with the data of Vasilos.and Spriggs. 
Currently, Nabarro-Herring diffusional creep is widely accepted as 
the principal mechanism by which most refractory oxides densify beyond the 
initial stages in hot-pressing. It is important to note that results 
obtained for one material cannot necessarily be transposed to another. The 
covalency of the chemical bonds and the hardness of the material are 
important criteria in this respect. Also, the effects of a second component, 
either impurity or intentional addition, can exert a strong influence 
especially if it forms a liquid phase at the temperature employed. 
Particle rearrangement by grain-boundary sliding and particle 
fragmentation is also an important mechanism during the early stages of 
compaction, especially for hard materials. 
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Spriggs and Atteraas (1968) proposed that plastic flow, 
diffusional creep and particle rearrangement each contribute to some extent 
toward final densification during the entire hot-pressing process. Any 
one mechanism may predominate at a particular time, but it is aided by the 
others. These workers also emphasized the role of plastic flow and its relation 
to crystallographic features (such as crystallographic directions and planes) 
as well as dislocation behaviour, as opposed to the previous plastic-flow 
concept as an isotropic continuim. Using MgO as a model system they con-
eluded that plastic flow by dislocation.motion can contribute significantly 
·to densification, especially during the early stages of hot-pressing. 
Hashimoto and Toilbana (1969) achieve 98% theoretical density for 
B4c (m.p. 2450°C) by hot-pressing without additives at temperatures of over 
0 -2 6 -2 
.2000 C for 60 minutes with a pressure of 200 Kg cm (19.62 x 10 Nm ) and 
stated that temperatures of over 2,300°C were required for complete 
densification. No grain growth was observed and the kinetics of the process 
were in agreement with Murray's plastic-flow equation. These results were 
generally confirmed by Jones (1970). 
One would expect the hot-pressing characteristics of the boron 
silicides to be analogous to those of boron carbide due to the similarity 
in structure and bond type; Feigelson and Kingery (1962) obtained relative 
densities of 9S% for B6si (m.p. 1900°C) by hot-pressing at 1500°C for 3 hours 
with a pressure of 6,000 lb in - 2 (41 x l06Nm- 2), in addition the samples 
. -2 6 -2 
were prepressed at 100,000 lb in (82 x 10 Nm ) • 
SiC of near theoretical density can be obtained by hot-pressing 
. 0 -2 6 -2 w w. 
at 1980 C and 6,000 lb in (41 x 10 Nm ) using 1 /oA~ and 1 /o Fe as 
additives (Brown, 1960). It was suggested that a sintering-inhibiting 
silica film was destroyed by the additives. However, a more probable 
explanation is the formation of a binary liquid phase; Fe-Si has a eutectic 
0 
at 1240 c. 
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0 Several workers have produced Si3N4 (dissociation temperature 1900 C) 
of theoretical density by hot-pressing with additives, the favoured one 
being MgO, Lurnby and Coe (1970) employed 1% of the latter and a pressure 
of 4000 lb -2 6 -2 in (27.4 x 10 Nm ) for 10- 120 minutes at a temperature of 
1700 - 1750°C. a-silicon nitride is the preferred form for hot-
pressing, this may be due to the fact that it possesses a defect structure 
thereby enhancing the possibility of lattice diffusion as is found for many 
oxides, 
A recent innovation has been the use of very high pressures, of the 
-2 6 -2 
order of 45 tons in (700 x 10 Nm ) in the hot-pressing of refractory 
materials (Kalish and Clougherty, 1970). Nonreacting powders densify in 
relatively short time, often within 10 minutes, at temperatures several 
hundred degrees below those employed for conventional hot-pressing e.g. 980°C 
for B6Si. Densification is attributed primarily to particle fragmentation 
and rearrangement in the open-pore region and diffusional creep in the 
closed pore region, 
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1.7. OXIDATION OF NONMETAL SILICIDES 
The general considerations concerning the preparative reactions 
discussed in section 1.5.1. are also relevant to the oxidation reactions 
and similar rate laws are often found to hold. In particular; the mechanical 
stability of the oxide product layer is important. The fractional volume, 
crystal lattice and density changes involved in the oxidation reactions are 
given in Table 1.7.1. 
The oxidation resistance of the boron silicides is excellent 
(Feigelson and Kingery, 1962). Upon initial exposure to air at elevated 
'temperatures, a thin glassy surface layer is formed which protects the 
material below from further oxidation. B4Si can be used in air up to its 
decomposition temperature (1370°C) without severe degradation; B6Si can be 
0 
used up to about 1550 C. Above this temperature the coating on the B6Si 
becomes discontinuous and weight losses are observed (probably caused by 
loss of boron, as the oxide or suboxide from the borosilicate layer). 
0 Oxidation is found to begi~ at 600-650 C for both compounds. 
The random network of a boric oxide glass contains B03 groups in 
the form of planar triangles, the asymmetrical shape of which gives rise to 
a high viscosity and a low tendency to crystallisation. The influence of 
B2o3 on the vitrification of amorphous and crystalline forms of silica is 
important in this work. (Heyl, 1948), (Rockett and Foster, 1965), 
(Kumar and Nag, 1968). 
Horton (1969) studied the oxidation of impure silicon nitride powder 
~n dry oxygen. and dry air and found parabolic kinetics with activation 
-1 
energies of 61 and 68 K cal mole respectively. The oxidation products 
were a- tridymite above 1125°C and amorphous silica ~t 1067°C; 
Table 1. 7.1. 
REACTANT SOLID 
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FRACTIONAL VOLUME, CRYSTAL LATTICE AND 
DENSITY CHMlGES FOR OXIDATION REACTIONS 
PRODUCT FRACTIONAL 
(density -3 (density in -3 VOLUME in g.cm ) g.cm ) CHANGE 
Silicon, cubic; a- Quartz, hexag 
2.329 B- Quartz, hexag 2.65 + 0.880 
a- Cris t. , tetrag 
B- Crist., cubic 2.23 + 1.138 
a- Trid., rhombic 
B- Trid., hexag 2.26 +' 1.205 
Vitreous silica 2.20 + 1.265 
a- Silicon nitride, Quartz + 0.593 
hexag.; 3.169 Cris tobali te + 0,812 
Tridymite + 0,868 
Vitreous silica + 0.9i9 
B- Silicon nitride, Quartz + 0.548 
hexag, ; 3.192 Cris tobali te + 0.760 
Tridy.mite + 0.815 
Vitreous silica + 0.864 
' Tetraboron silicide, Vitreous boric oxide, 
1.81. + 2.093 
+ amorphous silicon, 2.08. 
Vitreous boric oxide 
+ vitreous silica, 2;20 + 2•566 
Hexaboron silicide Vitreous boric oxide 
rhombic, silicon. + 2. 397 2.45 + amorphous. 
Vitreous boric oxide 
+ vitreous silica. + 2.761 
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Coles et al (1969) found a- cristobalite to be the oxidation product 
of silicon nitride powder at 1200°C, The specific surface of the.material 
was found to initially decrease rapidly as the silica acted as a mineraliser 
and progressively retarded the reaction. Although the silica does not 
. . 0 0 
melt (m .• p. 1720 G) it is well above its Tammann temperature (720 C) and the 
2 -1 
specific surface fell from 1.7 to below 0,3m g for·3o% oxidation, 
Franz and Langheinrich (1972) studied the oxidation of 
amorphous layers of silicon nitride by means of interferometry and infrared 
spectroscopy. A parabolic relationship was observed in dry oxygen at 1230 -
1260°C and in wet oxygen at 1100°C; the reaction was accelerated by the 
presence of moisture as is also found in the oxidation of silicon. 
At higher temperatures silicon nitride reacts with oxygen to form 
the oxynitride (Forgeug and Cerby, 1961): 
+ 
1650- 1750°C 
+ SiO + -------- (1) 
Krasotkina (1967) has investigated the stability of silicon nitride in air 
and in carbon monoxide. It was found that decomposition of Si 3N4 by CO at 
1450 - 1550°C occurs with the formation of B- silicon carbide and silicon 
oxynitride; at 1750°C with the formation of only B-SiC. 
Si2oN2 decomposes and is converted into B-SiC, 
0 Above 1550 C the 
Goursat et al (1972) studied the oxidation of powder samples of both 
silicon nitride and oxynitride at 1100 - 1300°C, For both substances 
oxidation was found to begin at 900°C, the product was crystalline silica and 
the rate was independent of both oxygen and nitrogen pressure. They found 
that the specific surface decreased as the reaction proceeded, but in 
contrast to Coles gt al (1969) they attributed this to a decrease in internal 
porosity rather than sintering of the silica, especially at the beginning of 
the grain sintering processes observed by both groups of researchers. The 
decrease in reactive area was.allowed for in the evaluation of the kinetics 
and they obtained the complete parabolic equation: 
76 
x 2 + Ux Vt -------- (i) 
where x l.S thickness of product ·layer at time t 
and U and V are constants. 
For thin layers the rate is controlled by an interfacial reaction with 
activation energy ER' and the equation is reduced to a linear form: 
X = ~-t -------- (ii) 
While for higher degrees of reaction the process becomes diffusion controlled 
with activation energy E0 , .and the equation is parabolic: 
= ~-t -------- (iii) 
The activation energies were found to be 
-1 
= 70 Kcal mole ; ER(Si20N2) 
-1 
= 43 Kcal mole • 
35 Kcal mole-l for both materials. 
This activation energy (E0) l.S very different from the one given by Horton. 
But as these workers noted, he had not studied the decrease in reactive area. 
Arslambekov et al (1972) published an extensive review (120 references); 
on the thermal oxidation of silicon. However, in contrast to the present 
research, none of the work cited was concerned with silicon powder and no 
other pertinent accounts could be found. 
Since the molecular volumes of all forms of silica are· greater than 
that of silicon (Table 1.7.1.), the oxide should cover the latter and reduce. 
the oxidation rate as the reaction proceeds. In general the oxide reported 
is amorphous in nature. Low-temperature oxidation is in most cases 
characterised by logarithmic or inverse logarithmic relationships, whereas 
high-temperature oxidation most frequently shows a parabolic time dependence, 
deviations from which are observed in a number of instances in the initial 
stages. 
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Brodsky and Cubicciotti (1951) investigated the reaction of impure 
silicon lumps (98% Si) in oxygen at a pressure of 200 torr. At 1015 - 1020°C 
the reaction proceeded according to: 
(amount. of oxygen consumed) K log (l+0.4t) -------- ( i V) 
where t is time and K is a constant. 
However, at the lowest (950°C) and highest (1160°C) temperatures employed, 
the data could be fitted equally well by a parabolic equation. It was 
suggested that the logarithmic dependence may be due to the vitreous nature 
of the oxide product. 
Law (1957) studied the oxidation of single crystal silicon at 727 -
0 -.3 -2 1027 C in pure oxygen at low pressures (7 x 10 - 5 x 10 torr) and 
found the rate obeyed a parabolic law with the rate constant markedly 
pressure dependent. 
Antill and Warburton (1970) investigated the oxidation of silicon 
0 (and silicon carbide) in gaseous atmospheres at 1000 - 1300 C. A parabolic 
rate law was found to be generally obeyed and the reactivities of the oxidants 
decreased in the order: 
water vapour > oxygen > carbon dioxide; 
with carbon monoxide completely inert. 
Two classes of oxidation behaviour were distinguished: 
(a) 'Active' with the formation of gaseous silicon 
monoxide, leading to high corrosion rates. This 
occurs at low partial pressures of oxidant, the 
SiO being produced either by direct reaction or by 
reduction of silica: 
2Si + ) 2Si0 -------- (2) 
Si + ) 2Si0 -------- (3) 
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(b) 'Passive' with the formation of a protective silica 
film. A high pressure of oxidant lowers the partial 
pressure of SiO: 
-------- (4) 
Several workers [Karub and Kamiyama (1963 , Ligenza and 
Spitzer (1960), Pliskin and Gnall (1964)], using radioactive tracers, etch 
studies and infrared absorption techniques, have shown that oxidation takes 
place almost completely at the interface between the oxide and the siiicon. 
Laverty and Ryan (1969) employing charge distribution techniques, identified 
un-ionised molecular oxygen as the predominant diffusant within the oxide 
on single crystal silicon. 
Since the products of the oxidation of silicides generally include 
some form of silicon oxide a discussion of the silicon - oxygen system is 
included here. In addition, silicon monoxide is an important inter-
mediary in the formation of a- silicon nitride and silicon oxynitride. 
Depending on temperature and pressure, crystalline silicon dioxide 
can exist in various structural modifications based on Sio4 tetrahedra 
joined at their apices: 
y- Tridymite 
Jm0c 
s- Quartz s- Tridymite s- Cristobalite 
Jr73°c Jf,.,o, · JI253°C 
870°C 1470°C 
a- Quartz a- Tridymite a- Cris tobali te ___,.me 1 t 
\ 1050°C 1 (1720°C "' 
High-low transformations, such as. a- to B- quartz, involve relatively minor 
structural rearrangements and occur rapidly and reversibly at the transition 
temperatures. In ·contrast, the reconstructive conversions, such as quartz to 
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tridymite, involve more extensive changes and occur much less readily, often 
requiring the presence of mineralisers. In the cristobalite structure, closed 
cavities are for.med, whereas in the tridymite structure, channels penetrating 
the entire framework are present. 
Hetastable phases may in effect persist indefinitely at temperatures 
and pressures outside their range of stability. Such thermodynamically 
unstable but kinetically stable phases are said to be 'thermally stranded'. 
The detailed structure of vitreous silica is still in dispute, 
most new proposals being related to the theory of Zachariasen ~1932) who 
described it as a random network of Sio4 tetrahedra, joined by corners, with 
a variable Si- 0-Si bond· angle. This theory was further established by 
Warren (1937) who found that the X-ray diffraction pattern indicated the 
absence of structural order much beyond one tetrahedron. Devitrification 
of vitreous silica can occur as cristobalite formation at all temperature from 
1000°C to the melting point (Dumbaugh and Shultz, 1969). 
In addition to silica, the existence of the following oxides has 
been established: SiO, Si 2o 3, Si3o4 (Latvinova ~ al, 1968). These workers 
prepared the monoxide by condensing the vapour formed by the reaction 
between silicon and silica in a vacuum furnace (10- 3 ---10-5 torr) at 
1420 - 1500°C. They conclude that the gaseous monoxide can condense directly 
to the solid state only if cooled fast enough to prevent disproportionation. 
However, the published data on the nature of bulk SiO are very 
contradictory. Some workers (e.g. Lin and Joshi, 1969).consider it to be a 
mixture of amorphous silicon and vitreous silica, whereas others (e.g. 
Yasaitas and Kaplow, 1972) suggest that it is a metastable condensate with a 
unique amorphous structure. ·In contrast Vasyutinskii et al (1956) claim it 
possesses a cubic lattice with constant a = 5.16~. 
. 0 
. ::·· 
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1.8. AIMS OF THE PRESENT WORK 
The aim of this research is to attempt to resolve some of the 
following anomalies concerning the formation and reactivity of boron silicides 
and silicon nitrides: 
Although other workers have successfully prepared pure boron 
silicides by direct combination of the elements in an inert atmosphere, no 
attempts have been made to elucidate the process mechanism. In particular, 
measurements have not been made on the changes of surface area and average 
crystallite and aggregate sizes of the reactants during the formation process 
and any subsequent heating. Also no such information is available on the 
sintering behaviour of the component elements, boron and silicon. 
Similar considerations are also important during the oxidation of 
these materials. The differences in crystal lattice and molecular volume of 
the reactants and products together with any concurrent sintering being 
important with respect to the stability of the materials in corrosive 
environments. The reactivity of the boron silicides with nitrogen has not 
previously been investigated although the use of such atmospheres for 
industrial processes is widespread. 
In spite of the high degree of development of silicon nitride 
technology, the basic chemistry of the formation process is not fully 
understood. However, in order to obtain a material with reproducable and 
pre-determined properties it is important to understand the exact conditions 
determining the formation of the a- and B- silicon nitride phases. The 
presence of impurities or intentional additions may influence the basic 
mechanism of formation and the sintering of the product during 
formation and _any subsequent heating or hot-pressing. 
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Although silicon nitride refractories are currently being widely 
employed in oxidising environments, only a limited amount of data are 
available on the kinetics of the oxidation reaction, The stability of a 
refractory under such conditions is strongly influenced by the nature of 
the oxide product and the differences in molecular volume etc., between it 
and the base material. 
study of: 
Thus, the present research will consist of a physico-chemical 
(1) the production and sintering of boron silicides, 
(2) the reactivity of the boron silicides in oxidising 
and nitriding atmospheres, 
(3) the production of silicon nitrides and the influence 
of additives on their formation and sintering, and 
(4) the oxidation of silicon nitrides. 
Changes in phase composition, surface area, average crystallite and 
aggregate sizes are to be correlated with the kinetics of formation and 
oxidation of boron silicides and silicon nitrides and their sintering 
according to temperature and duration of heating. 
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II EXPERIMENTAL TECHNIQUES 
The experimental techniques employed in this work, an outline 
of the principles underlying them and a short description of the 
apparatus, are briefly described here. 
2.1 X-RAY DIFFRACTION 
A comprehensive survey of the theory and practice of X-ray 
diffraction techniques is given·by Peiser et al (1960, p.p. 27-322). 
2.1. 1 THEORY OF X-RAY DIFFRACTION 
A crystal consists of a regular three-dimensional array of atoms 
in space. Points having identical surroundings in the structure are called 
lattice points, and a col'lection of such points in space form the crystal 
lattice. If adjacent lattice points are joined together the· unit cell is 
obtained. This is the smallest repeating unit of the structure. Often 
it is more convenient to select a larger repeating unit, i.e. a centered 
cell, when the unit cell is of low symmetry. In general the unit cell 
is a parallelepiped, but in some cases, depending on the symmetry.of the 
crystal, it can have a more regular shape e.g. a rectangular prism. The 
shape of the unit cell is completely described by the lengths of its three 
edges or axes and the angles between them. Conveniently the axes are 
named~· ~· z or ~· ~. c and the angles ~· !• ~· The angle between z and z 
is a and so on. 
Crystals are classified into seven crystal systems according to 
their symmetry. The unit cell dimensions of a crystal are governed by 
certain relationships dependant on the crystal system. These relationships 
are given in Table 2.1.1. 
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TABLE 2, 1. 1. CLASSIFICATION OF CRYSTALS 
CRYSTAL SYSTEM CONDITIONS LIMITING CELL MINIMUM SYMI'IETRY 
DIMENSIONS 
TRICLINIC a 'f b 'f c a. 'f B 'f y 'f 90° None 
MONOCLINIC 'f b 'f 0 'f B One 2-fold axis or a c a. "' y "' 90 one 
plane of symmetry 
ORTHORH0!1BIC a 'f b 'f c a. "' B "' y "' 90° Two perpendicular 2-fold 
axes or two perpendicular 
planes of symmetry 
"TETRAGONAL a "' b 'f c a. "' B "' y "' 90° One 4-fold axis 
HEXAGONAL a = b 'f c a. "' B "' 90°, One 6-fold axis 
y 
"' 
120° 
TRIGONAL a = b "' c a. "' B = y 'f 90° One 3-fold axis 
CUBIC a "' b = c a. "' B = y "' 90° Four 3-fold axes 
Various sets of parallel planes can be drawn through the lattice 
points of a crystal, Each set of planes is completely described by a set of 
three integers, namely, the Miller indices ~. l• l• corresponding to the 
three axes ~· ~. ~respectively. The index h is the reciprocal of the 
fractional value of the intercept made by the set of planes on the~ axis, 
and -so on. The dimensions of a crystal lattice are of the same order of 
magnitude as the wavelength of X-rays. Hence a lattice behaves as a three-
dimensional diffraction grating when it interacts with an incident beam of 
X-rays. This is governed by Bragg's Law: 
A 2d sin 0 
where A "' wavelength of X-rays 
d "' interplanar spacing 
0 angle of incidence = angle of diffraction 
d is related to the unit cell dimensions of the crystal and the Miller 
I 
indices of the set of planes. Therefore, the measurement of Bragg angles can 
lead to the determination of lattice parameters. 
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When an X-ray beam is incident on a large perfect crystal the 
diffracted beam appears over a narrow angle, However, if the crystals are 
smaller than about 10-S cm,, diffraction occurs over a range of Bragg angle. 
This X-ray line broadening can provide information on the crystallite size 
when the other factors leading to broadening, e.g. slit width, are taken into 
account, 
If a single crystal of a substance is rotated in a beam of 
monochromatic X-rays the diffraction pattern consists of an array of spots 
on a photographic film. However, if the specimen is in the form of a powder, 
consisting of crystallites in all possible orientations, then the diffracted 
beams lie along the surfaces of a set of coaxial cones. This pattern can 
then be recorded photographically as in a powder camera, or by a rotating 
radiation counter as in a diffractometer. 
The intensity and distribution of the diffracted beam with respect 
to the Bragg angles is characteristic of a particular structure and can 
therefore be used as a means of identification, The X-ray powder 
diffraction patterns of the majority of crystalline substances are given 
in the A.S!T.M. Tables which may be employed to identify "unknown" substances. 
The powder pattern given by a mixture of crystalline substances is composed 
of the superimposed patterns of the individual substances. Hence the 
methods can also be used to identify the components of a mixture. 
2.1.2. THE COUNTER DIFFRACTOMETER 
The phase compositions of crystalline samples were determined by 
recording their powder diffraction patterns by means of an X-ray diffractometer 
coupled with a counter and ratemeter. 
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This method was used in preference to the photographic method 
bacause it was found to be more rapid, sensitive and convenient than the 
latter. A 50 cm diameter Berthold diffractometer was used. This employed 
a gas-filled proportional counter fitted to a combined discriminator/ 
ratemeter unit and E.H.T. supply unit with a chart recorder output, The 
radiation used was Copper Ka of wavelength 1.542R. This was supplied by a 
Hilger and Watt's constant voltage generator fitted with a sealed Philips 
tube with copper target ·and interchangeable filters. A nickel filter was· 
used to absorb the K8 component of the copper radiation. The tube was 
operated at 38 kilovolts potential with a filament current of 14 milliamps. 
The diffractometer works on the Bragg-Brentano focusing principle. 
Samples in the form of powder were prepared for examination by 
making a suspension in acetone, mixing ~n a little adhesive, and pouring onto 
a glass cover slide. 
The slide was mounted in a vertical position at the centre of the 
diffractometer on a holder which rotated at half the angular speed of the 
proportional counter. Solid specimens, e.g. sintered samples, were set with 
a flat surface in the vertical position and held in place with plastercine. 
The intensity of the diffracted radiation as a function of the 
Bragg angle, 0, was given by the chart recorder. The full scale deflection 
could be set at the following value of c,p.s. (counts per second): 
2 4 5 (1 or 3) x 10; x 10 ; x 10 or 1 x 10 , 
The time constant could be set at: 
0,1, 0.3, 1, 3, 10, 30 or lOO seconds. 
The latter was generally set a 3 seconds and the former at 1 or 3 x 103 , 
although other settings were occasionally used. 
The chart recorder could be run at 300, 600 or 120 mm/hour and the 
diffractometer table at 0 or 3) x 10 min/degree, The most commonly used 
settings were 600 mm/hour and 3 minutes/degree; this gave a spacing of 3 cm 
..•. 
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per degree on the chart which was found to be adequate for precise 
measurement. 
2.1.3. X-RAY LINE BROADENING 
X-ray line broadening 1s always found to be present in a 
diffraction pattern due to instrumental factors such as the finite size 
of the specimen and divergence of the X-ray beam. Combined with this there 
may be an intrinsic broadening attributed to small crystallite size or 
crystal lattice strain of the sample or both. 
2.1.4. BROADENING DUE TO SMALL CRYSTALLITE SIZE 
Significant intrinsic broadening occurs when the specimen consists 
-6 -5 
of crystallites with linear dimensions in the range 10 - 10 cm, 
The mean cryst.alline dimensions (D) measured in a direction 
perpendicular to the diffracting planes is related to the intrinsic 
broadening (S) by the Scherrer·equation: 
D = K). Scose 
where K = a constant dependent on crystal symmetry. (For higher symmetry 
). = the wavelength of the X-rays 
0 = the Bragg angle 
a = intrinsic broadening 1n terms of 20 
The value of the constant K is dependent upon the way in which the 
line breadth B is measured: integral breadth or breadth at half maximum 
. . ..... 
intensity. The latter is an approximate way of determing the integral 
breadth, The shape of the crystallites and the distribution of particle s1ze, 
in addition to the form of the diffraction profile, influences the value of K. 
Since these factors are generally unknowns, the absolute accuracy obtainable 
in this work cannot be expected to exceed 25 - 50%. 
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However, according to Klug and Alexander (p. 511) (1954) the 
tendency is to put K equal to unity. This. has greatly facilitated the 
comparison of published work and also the relative, rather than the 
absolute, values of crystallite size are in general more reliable and 
pertinent to experimental investigations. 
2.1.5. BROADENING DUE TO CRYSTAL LATTICE STRAIN 
If the specimen is strained it will behave like a mixture of 
crystallites of varying lattice parameter and thus the lines will be 
broadened, The mean lattice distortion or lattice strain (n) normal to the 
diffracting places is related to the intrinsic broadening (8) by the equation 
n = 8 cot e 
The strain distribution factor influences the shape and breadth of the 
diffraction profile. The absolute accuracy with which the strain can be 
determined is low since little is known about this factor. The difficulty 
of separating the intrinsic from the instrumental broadening leads to further 
inprecision in the determination of n. The latter is sometimes termed the 
apparent strain component. 
2.1.6. DETERMINATION OF THE INTRINSIC BROADENING 
To obtain the intrinsic broadening corrections have to be made for 
the following two factors: 
(i) the instrumental broadening, due to the finite slit width etc., and 
(ii) the broadening due to the non-monochromatism of the X-ray beam i.e. 
the Ka doublet of copper radiation, 
The method of correction used in this work is that developed by 
Jones (1938). This method is a graphical one and employs two correction 
curves shown in Figure 2.1.1. 
Figure 2. 1.1. (a) 
1.0 
o. 9 
0.8 
o. 7 
0 0.2 
1.0 
.a 
.6 
.4 
.2 
.2 
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Curve for correcting observed line breadth 
for the fact that it is formed by a a- doublet 
0.4 0.6 
1!./Bo 
(b) 
.4 .6 
b/B 
0.8 1. 0 
Curve for correcting line 
breadth for the effect of 
instrumental broadening 
.8 1.0 
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The method can be used to calculate the intrinsic broadening due 
to the single Ka1 component 0f copper radiation. 
The symbols used are defined as follows: 
RADIATION OBSERVED INSTRUMENTAL BREADTH BREADTH 
Ka1 B b 
KaDOUBLET B b 
0 0 
INTRINSIC 
BROADENING 
B 
Bo 
The angular separation, 6, of the a 1 and a2 components of K 
radiation is given by the expression 
• = ~:o (:•::::~.) · <M 9avenge = c <= ' 
where C is a constant, of value 0.285 for copper Ka radiation. 
The intrinsic line broadening of milled samples_ can be evaluated 
by comparison with the broadening produced by unmilled coarse-grained samples 
of the same material. The latter may be assumed to give negligible 
intrinsic broadening. Alternatively the line profiles of milled samples may 
be compared with those of the 2022 cleavage plane of a large single calcite 
crystal. 0 1 This reflection, which occurs at a Bragg angle of 14 42.5 , was 
also used to standardise the diffractometer table setting_ for each 
experiment. 
2.1.7 •. DISTINCTION BETWEEN· CAUSES OF INTRINSIC BROADENING 
The milling of materials produces either a strained crystal lattice 
or small crystallites or both. There is a different theoretical dependence 
of line breadth upon Bragg angle and wavelengths, i.e.: 
90 
,. 
a = A ;.a a A sec 0, for small crystallite size. 
CciS 0 
and a c n :.a a tan e, for lattice strain. 
cot 0 
(p. 428 PEISER _g,! al] 
In principle it should be possible to estimate the relative contribution to 
the total broadening due to each of the two factors, However, considerable 
difficulties arise here and no satisfactory technique has been developed 
although Hazur (1949) and Hall (1949) suggest a graphical method. 
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2. 2. ELECTRON MICROSCOPY 
Extensive accounts of the practical and theoretical aspects 
of electron microscopy are given by Hirsch et al (1965), Kay (1965) and 
Zu~onykin et al (1945), 
2.2.1 THEORY OF ELECTRON MICROSCOPY AND DIFFRACTION 
Electrons exhibit both wave and particle characteristics. 
According to the de Broglie hypothesis the wavelength associated with a 
fundamental particle is give by 
p mu h r 
(i) 
where p, m and u are the momentum, mass and velocity of the electrons 
respectively, and 
h Plancks constant 
= wavelength. 
If the electron has fallen through a potential, V, then its kinetic energy, 
E, is given by 
E ~mu 2 eV = = -------- (ii) 
where e = the electronic charge. 
Eliminating u between (i) and (ii) we have 
A h = 1(2eVm) -------- ( iii) 
A correction has to be applied to the above equation to allow for the 
relativistic increase of mass with velocity associated with a particle 
approaching the speed of light. However, in practice the wavelength is 
determined by obtaining the diffraction pattern of a substance of known 
lattice parameters and evaluating a constant, the camera constant, LA, where 
L is known as the effective camera length. If the instrument is used at an 
accelerating potential of 60 kilovolts the wavelength is 0.05~. 
92 
A microscope 1s used to provide an enlarged image of a small 
object as well as to show greater detail in its structure. The latter 
property is determined by the resolving power of the microscope, the limit 
of which is governed by the wavelength of the incident radiation. This 
limit is 2,000 R for an optical microscope and 0.02 R for an electron 
microscope. The practical limit of resolution in an electron microscope 
is much higher than the theoretical due to lens aberrations caused by (i) 
residual mechanical asymmetry of the objective lens despite the most precise 
machining; (ii) magnetic inhomogeneities in the lens material and (iii) 
films which deposit on lens surfaces during operation. 
The instrument used in this work was a Philips E.M. lOOB electron 
microscope (Van Dorsten, Nieuwdorf and Verhoeff, 1950). The instrument has 
a resolution of 25 R under normal operating conditions. A schematic 
diagram of the instrument is shown in Figure 2.2.1. 
Since electrons are charged particles they are deflected by an 
electromagnetic field. The helical path of an electron moving in such a 
field is the basis of the magnetic lenses used in an electron microscope. 
A self biased electron gun is used, comprising a V-shaped, A.C.-supplied 
tungsten filament and adjustable Wehnelt cylinder. {The beam current may 
be adjusted independently of the accelerating voltage by varying the distance 
between the filament and the cylinder}. The condenser lens converges. the 
electron beam onto the specimen which is situated in the magnetic field of 
the objective lens. An·image is formed due to magnification by the 
.objective lens, followed by further magnification by the projection lens to 
form a final image on the fluorescent screen. This microscope uses two· 
additional lenses, a diffraction lens and an intermediate lens. The 
diffraction lens is used for magnifications up to 8,000 diameters and for 
obtaining diffraction patterns of crystalline objects. For magnifications 
from 8,000 diameters upwards the intermediate lens replaces the diffraction 
lens. Magnification may be adjusted continuously over the whole range by 
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Figure 2. 2. 1. PHILIPS E.M. lOOB ELECTRON MICROSCOPE 
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means of controls which vary the currents to the lenses. The magnification 
of the image is determined by reading a scale and then reference is made to 
standard tables. 
Electrons are readily scattered by gas molecules, therefore the 
-6 instrument must be operated at a low pressure, about 10 torr. This is 
achieved by means of a prevacuum rotary pump, a mercury diffusion pump and 
an oil diffusion pump. 
There is an important difference between X-ray diffraction and 
electron diffraction, and this is due to the relatively strong scattering 
of electrons by atoms. Electrons interact with atoms via the electrostatic 
field associated with their charge whereas, in the case of X-rays, it is 
their electromagnetic field which is responsible for the interaction. 
Therefore the depth of penetration of the electrons is relatively small. 
Hence only very thin crystals (of the order of a few ~undred R) can be used 
in contrast to X-rays which penetrate deeply and give information on the 
b·ulk properties. From a polycrystalline specimen the diffraction pattern 
consists. of the typical concentric. powder rings. 
Control knobs are provided for focusing and for moving the sample 
holder so that different regions of the specimen grid can be observed. When 
a diffraction micrograph is required a specific area of the sample is 
selected by means of two externally adjusted diffraction diaphragms. 
2.2.2 PREPARATION OF SAMPLES 
The crystalline powder samples were prepared for examination by 
dispersing the particles on a carbon film supported on a copper grid. The 
copper grids were of 3 mm diameter and consisted of a mesh of lOO ~m square 
windows. 
The carbon films were prepared in a "Speedivac" High Vacuum Coating 
Unit 12E6 model, manufactured by Edwards High Vacuum Ltd._ The unit consists 
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of a .glass work chamber evacuated by an oil diffusion pump backed by a 
rotary pump. Low vacuum in the chamber was registered by a Pirani Gauge and 
high vacuum by a Penning gauge. The best vacuum obtainable in this unit is 
-5 3 x 10 torr. The carbon electrodes and tungsten filament inside the 
chamber were supplied from a lOV, 60amp source. 
The carbon film, of approximately 200 R thickness, was deposited on· 
a substrate of freshly cleaned mica by striking an electric arc between two 
spectrographically pure electrodes. The arc was struck in about 10 bursts 
each of 2 - 3 seconds duration with a pause in between each to allow the 
electrodes to cool. The film was then separated from the m1ca by slowly 
dipping the latter into a dish of distilled water. Prior to deposition the 
mica is contaminated by breathing upon it; this prevents perfect adhesion 
of the carbon to the mica. After deposition the mica is trimmed around the 
edges, the action of surface tension then removes the film easily. 
A small area of the floating carbon film was then picked up on a 
copper grid held in tweezers. The grid was then transferred to a vertical 
specimen holder and held in position with an open-ended cap. Powder samples 
for examination were prepared by suspending the powder in water or. an inert 
solvent contained in a test tube and placing the tube in ·an ultrasonic 
dispersion unit. A portion of the suspension was then placed on the grid and 
evaporated to dryness under an infra-red lamp. 
2.2.3 THE PREPARATION OF SURFACE REPLICAS 
A replica may be defined as a thin film which presents to the 
electron beam locally varying thicknesses and topography which correspond 
in some manner to the surface detail. The sharpness and contract of the 
image may be considerably improved by "shadowing" the replica with a heavy 
metal. The replicas were prepared as follows: 
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The surface of the sintered specimen under examination was pressed 
into a portion of melted clear polystyrene polymer or coated with a polyvinyl· 
alcohol suspension. When the polymer had solidified it was placed in the 
vacuum coating unit and a carbon film deposited on it, The resultant replica 
was then shadowed with palladium metal evaporated from a small piece of the 
metal placed inside a helical tungsten filament, The filament was positioned 
so that the metal was incident on the replica at an oblique angle. 
The polymer ~ms the dissolved away, using chloroform for polystyrene 
or dilute hydrochloric acid for P.V.A. and the film placed directly onto a 
copper grid. 
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2. 3 SURFACE AREA MEASUREMENT BY GAS SORPTION 
The amount of gas adsorbed by a solid depends on the specific 
surface, i. e, the surface area per unit mass. Determination of the specific 
surface of a sample enables its mean particle size to be estimated. Therefore 
permitting the changes in particle size produced by milling or sintering to 
b~ followed, An extensive account of the method 1s given by Gregg and Sing 
(196 7). 
2.3.1 THE B,E,T. PROCEDURE 
The procedure employed in this work was that due to Brunauer, 
Emmett and Teller (1938), The B.E.T. equation is generally expressed in the 
linear form 
where p 
Po = 
X = 
x. = 
m 
c = 
x(p -p) 
0 
p 
= 
c-1 
+ 
1 
X C 
m 
pressure of adsorbate vapour 1n equilibrium with adsoroent 
saturated vapour pressure of vapour adsorbed 
-1 
amount of vapour adsorbed, (g. g . , or 
-1 
capacity of filled monolayer, (g.g , 
-1 
c.c,g ) 
-1 
or c,c,g ) 
a constant related to the heat of adsorption. 
The five types of adsorption isotherm according to the B.E.T, 
classification are shown in Figure 2.3.1. The type II isotherms give the 
best agreement with the B.E.T. equation over limited ranges of relative 
vapour pressure, about 0,05 to 0.30 (Gregg, 1961, pp. 31, 56). Therefore 
a plot of p 
x(p -p) 
0 
against p/p gives a straight line of slope (c-1)/x c. 
o m 
and intercept 1/x . c, Elimination of c between these two expressions gives 
m 
xm' the filled monolayer capacity, The adsorbate can be measured either 
gravimetrically or volumetrically. (Gregg and Sing, 1967, p. 310). 
Figure 2. 3.1. 
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THE FIVE TYPES OF ADSORPTION ISOTHER.H 
IN THE B.E.T. CLASSIFICATION 
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The specific surface, S, is related to x by the equation 
m 
s = X • N. A 
m m 
M 
where M = molecular weight of adsorbate, 
N = the Avogadro number, 
A = cross-sectional area of an adsorbate molecule 
m 
completed monolayer. 
in a 
If we assume that the particles are spherical then the average crystalline 
sizes or equivalent spherical diameter, Q· , can be es timat~d: 
s 
where n = 
p = 
= = 
6 
.2.p 
number of particles per gram of solid 
density of the solid. 
If the particles are assumed to be cubic then the same relationship is 
obtained, similar expressions are obtained for crystals with plate-like 
or needle-like habits. 
The sorption balance used in this work is based on the design by 
Gregg (1946, 1955). The balance was used for low temperature nitrogen 
adsorption as described by Glasson (1956) and B.S. 4359, {Part I (1969)}, 
as is illustrated in Figure 2.3.2. The glass balance arms are supported 
on saphire needles set into a glass cradle. One arm supports a bucket for 
the sample and the other a magnet which lies along the axis of an external 
solenoid. The balance is enclosed in glass and connected to gas reservoirs, 
vacuum pumps and gauges. The instrument is calibrated by varying the 
current in the solenoid and observing the null-point for a known loading. 
The samples for specific measurement were placed in the specimen 
bucket and outgassed at 200°C, by surrounding the balance limb with a furnace, 
to removephysically adsorbed vapour (Glasson, 1964). The isotherms were 
lOO 
Figure 2.3.2. THE GAS SORPTION BALANCE 
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measured at -183°C using nitrogen as the adsorbate and boiiing liquid oxygen 
as coolant. The weight of the: sample was determined in vacuo, aliquots 
of nitrogen were introduced, and simultaneous readings of sample weight 
and nitrogen gas pressure taken when equilibrium had been attained. A final 
reading to~as taken at ambient temperature and one atmosphere pressure of 
nitrogen. 
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2, 4, THERMOANALYTICAL TECHNIQUES 
Thermogravimetric analysis (T.G.A.) has been employed extensively 
in this work to study the weight changes of samples heated at a series of 
fixed temperatures in air, See Gregg and Sing (1952), Gregg and Wheatley 
(1955) and Gregg and Packer (1955). 
2.4.1 THERMOGRAVIEmRIC BALANCE 
The balance used in this work was a modified Stanton B20 double 
pan balance. The left-hand balance pan was fitted, on its underside, with· 
a nichrome wire suspension which carried the sample container, usually a 
small porcelain crucible or silica tube, The sample was suspended in an 
electric furnace the winding of which was supplied via a linear variable 
programmer (Stanton-Redcroft Type LVP-CA 40/R) regulated by a Pt/Pt - 13% 
Rh thermocouple, An additional thermocouple of the same specification was 
attached to a milli-voltmeter (Baird and Tatlock-Resilia) to give a direct 
reading of the furnace temperature. The system is illustrated .in Figure 
2.4.1. 
Samples of approximately 1 g. were accurately weighed into a small 
crucible and placed in the furnace which had.previously been run to the 
required temperature and left for some time to attain equilibrium conditions. 
From the isothermal weight change with time data the reaction kinetics could 
be investigated. 
2.4.2. DIFFERENTIAL THERMAL ANALYSIS 
The D.T.A. technique involves heating a sample and a reference 
material in close proximity at some linear heating rate in a furnace. 
The apparatus is shown in Figure 2.4.2. 
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Figure 2. 4. 1. THERMOGRAVIMETRIC BALANCE 
c 
A Analytical balance 
B Milli-voltmeter 
C Electric furnace 
D Linear variable programmer 
A 
© 
© 
0 0 
, .... ,,I,,,,,,''" 
c = Cl 
0@ 
0 0 
B 
0 
D 
104 
Figure 2.4.2. D.T.A. APPARATUS 
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· The sample cell consists of a cylindrical steel block through 
~hich passes two ceramic tubes. 500 mg. portions of the sample material 
and reference material (recrystallised alumina) are positioned at the tops 
of the tubes by means of glass wool plugs. This arrangement, together 
with the use of two flowmeters, permits air (or any other gas, reactive or 
inert) to be passed through the materials at equal and controlled rates. 
Thermocouples.are embedded in the sample and reference materials 
and connected in opposition. During the heating any e.m.f. generated 
by the evolution or ~bsorption of heat is recorded, along with the 
temperature at which the changes occurred, on an X-Y chart recorder (Howlett 
Packard Type 7035B). 
The sample cell is heated by a.small vertical tube furnace 
controlled by a linear programmer of the same type as that used in the 
T.G.A. balance. 
...... 
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2,5, NITRIDING APPARATUS 
The apparatus used in this work was based on a design by Popper 
and Ruddlesden (1961); the same equipment was also used for sintering 
experiments requiring an inert atmosphere. The apparatus is shown in 
Figure 2.5.1. 
The electrically heated tube furnace (manufactured by Griffin and 
George Limited) employs silicon carbide elements and is capable of 
. 0 
working at temperatures of up to 1450 C, Recrystallised alumina tubes 
sealed by 'Speedivac' vacuum fittings were used. 
The furnace is controlled by a Stanton Redcroft linear variable 
programmer (Type LVP/CC20/R) and a 'Variac' autotransformer. The 
programmer is regulated by a Pt/Pt-13% Rh thermocouple which was also 
connected to a milli-voltmeter (Baird and Tatlock Resilia). 
The apparatus 1s evacuated by means of a 'Speedi~ac' two-stage 
rotary pump (Type 2 Se SOB, manufactured by Edwards High Vacuum Limited) 
bl f 'h" . f lo-4 5 1 -s . capa e o ac 1ev1ng vacua o - x 0 torr. 
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Figure 2.5.1. NITRIDING APPARATUS 
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2.6. HOT-PRESSING EQUIP~ffiNT 
2.6.1. INDUSTRIAL HOT-PRESSING SYSTEM 
The hot-pressing system used in this work is shown in Figure 2.6.1. 
Pressure 1s applied by means of a hydraulic ram and measured by a -pressure 
gauge. The latter was calibrated by means of a 'Peekel' micro-strain gauge 
(Type 540 DNH) which had previously been calibrated against a precision 
hydraulic ram. 
The graphite die set containing the sample was inductively heated 
by a 36 kilowatt radio frequency heater (Wild Barfield). The graphite 
pistons of the die set were electrically insulated from the rest of the 
apparatus by sindanyo blocks. Graphite granules, retained in place by a 
circular asbestos shield, were used as a heat retention medium. 
Temperatures were measured using a disappearing filament pyrometer 
(Foster Instrument) sighted on the die. 
2.6.2. LABORATORY HOT-PRESSING SYSTEM 
A small-scale laboratory hot-pressing system was set up to 
investigate the pressure sintering properties of small quantities 
(10 - lOO mg.) of powders. (Figure 2.6.2.) The system is based upon a 
double-acting mechanical press, designed by Roeder and Scholz (1965), 
0 
which is capable of working at temperatures up to 3,200 C and pressures up 
-2 . 7 -2 to 1000 Kg cm (9.81 x 10 Nm ). 
The resistively-heatedgraphite die set is held between water-
cooled copper electrodes, the petver being supplied by a 60 kVA single-
phase transformer which can deliver up to 3000 A at 20 V; the original 
design employed a smaller (24 kVA) transformer. Since -the electrical 
resistance of the die is inversely proportional to its cross-sectional area, 
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Figure 2.6.1. INDUSTRIAL HOT-PRESSING SYSTEM 
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Figure 2.6.2. LABORATORY HOT-PRESSING SYSTEM 
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the higher power available from the larger transformer will enable 
different die (and hence sample) geometries to be investigated.-
The polver supplied· to the transformer is regulated by means of 
a thyristor control system designed by Biddulph (1972) and further 
developed during the present work. The basic circuit consists of two 
thyristors connected in inverse parallel, mounted on water-cooled copper 
busbars, and regulated by a firing circuit. The firing circuit incorporates 
a potentiometer, adjustment of which provides a direct control· of the 
power supply. Thyristor control of resistive heating is prefered to the 
conventional saturation reactor type since a more precise regulation of 
the sample temperature can be achieved. 
r··· . .; . 
. ··. 
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Ill PRODUCTION AND SINTERING OF BORON SILICIDES 
3. 1. INTRODUCTION 
The boron-silicon system has been described in Chapter I. 
While several routes have been successfully employed for the production of 
boron silicides, as outlined in section 1,5,2., none of the workers con-
cerned have attempted to explain the mechanism of the reaction. Of the 
possible production routes, the direct synthesis from the elements· in an 
inert atmosphere should give rise to the purer products and also simplify 
any attempt at elucidating the process mechanism. 
-Reactions involving solids, particularly those between two solids, 
may be thermodynamically feasible, but they are not necessarily kinetically 
favourable. Although the nature of the reaction is dependent upon the 
chemical composition of the solids, its rate is strongly influenced by their 
previous history, particularly-by their specific surface areas since these 
determine the available reaction interface. Thus, several workers have 
reported that amorphous boron is the prefered reactant, the crystalline form 
retarding the reaction, Feigelson and Kingery (1962) although noting this 
effect state that particle size has little influence on the reaction rate, 
However, the mesh sizes they quote evidently represent aggregate sizes rather 
than crystallite sizes, the surface area of the crystallites and their amount 
of contact with the surface of the silicon being more important in 
determining reaction rate. 
The study of the synthesis of boron silicides from the elements in 
inert atmosphere is difficult since no \~eight changes occur and no gases are 
involved. In this work, the reaction has been investigated by means of: 
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(i) gas sorption isotherms surface areas and hence average 
crystallite sizes), 
(ii) electron microscopy (aggregate sizes), 
and (iii) X-ray diffraction (phase identification), 
3.2. PRODUCTION OF BORON SILICIDES, STARTING MATERIALS AND PROCEDURE 
The amorphous boron and crystalline silicon powders (Cerac Ltd.) 
\.rere examined for impurities by means of a Hilger large quartz emmission 
spectrograph. The results are shown below: 
Table 3.2.1. Impurities present 1n elemental boron and silicon, 
* BORON Mg Si Mn 
SILICON Mg Ca Mn Fe 
* Strongly detected (ea. 0.5%) 
Others: trace (ea. p.p.m·,) 
The specific surfaces of the materials were determined by the B.E.T. 
0 
method from nitrogen adsorption isotherms recorded gravimetrically at -183 C, 
as described in section 2.3. The approximate average crystallite sizes 
(equivalent spherical diameters) were calculated from the specific surfaces 
using a value of 2.33 g. cm.- 3 for the densities of both boron and silicon. 
The specific surfaces of the boron and silicon powders were found to be 11.4 
2 -1 
and 2,0 m g respectively, corresponding to average crystallite sizes of 
0.23 and 1.3\lm. 
The samples, contained in recrystallised alumina boats, were placed 
in the tube furnace described in section 2.5. and heated to the reaction 
0 -1 temperature at the rate of 10 C min . During the early stages of the 
! 
·I 
I 
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heating period (up to ~· S00°C) the apparatus was evacuated, flushed with 
argon and re-evacuated twice; this procedure helps to remove the more 
volatile impurities. The argon atmosphere was maintained at slightly above 
atmospheric pressure throughout in order to minimise the possibility of air 
entering the reaction tube. 
3. 3. PRODUCTION OF TETRABORON SILICIDE, 
The tetraboron silicide, B4Si, ·was selected for more detailed study 
in preference to the more thermally stable hexaboron compound because: 
(i) it is less well characterised, e.g. it possesses a 
homogeneity range, 
(ii) it is not available commercially in the 'same degree of purity, 
usually containing some B6Si and free silicon, 
and (iii) its lower temperature of formation facilitates more precise 
temperature control, and presents less problems of crucible 
material incompatibility. 
A preliminary series of experiments was first carried out in order 
to determine the effect of the initial composition on the formation of B4Si. 
Thus, boron and silicon 1n various fixed proportions by weight were 
thoroughly mi~ed in a mechanical shaker and calcined in argon at 1300°C for 
18 hours. The reaction temperature must be kept below 1370°C since B4Si 
disproportionates above this temperature .into B6Si and silicon, the 
decomposition occuring at a slmJer rate at lower temperatures. The phases 
present in the reaction products 'Jere identified by means of X-ray analysis 
and the results are given in Table 3.3.1. On the basis of these results it 
'"1as decided that a reaction time of 18 hours 1s probably too long for the 
preparation of B4Si since the latter appears to have disproportionated 
into B6Si ·and silicon. This is in general agreement with the findings. of 
previous workers: 
0 . 
Colton (196la) employing 2-3 hours at 1370 C and 
115 
TABLE 3. 3.1. 
BORON:SILICON BORON: SILICON 
PHASES FORMED 
AS % BY WEIGHT MOLAR RATIO 
20 : 80 0.651 : 1 No apparent reaction. 
Si peaks strong, B not 
crystalline. 
40 : 60 1. 732 : 1 Si peaks strong, B4si and 
B6Si peaks present 
(ea. 1 : 1) 
60 : 40 3.907 : 1 Si peaks diminished, B4Si 
and B6si as above 
80 : 20 10. 39 : 1 Si peaks very weak, B4si 
and B6Si ·as above 
The compositions B4si and B6Si correspond to 60.61 and 
69.81% by ~~eight of boron respectively. 
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Feigelson and Kingery (1962) 4 hours at 1330°C, However, the boron:silicon 
molar ratios employed by these workers, 2:1 and 1.3:1 respectively, does 
not seem justified in view of the stoichiometry of the products, Although 
the above results (Table 3. 3.1.) indicate that unreacted silicon remains 
at low boron:silicon ratios, Colton only detected weak silicon lines which 
suggests that the unreacted silicon was coated with a product layer, 
It would appear logical to synthesise pure B4si by starting with a 
stoichiometric mixture and Magnusson and Brosset (1960) claim that this can 
be achieved by reaction at i200°C for 3 weeks. However, when this 
exp·erimen t was repeated in the present work, although B Si free of B6Si was 4 
produced, strong silicon lines were still present, Since these workers used 
amorphous silicon (the form of boron was not specified) this, together with 
the above results, indicates that surface area effects are of great importance 
in. determining the phase composition of the product, 
Therefore, mixtures of boron and silicon in the mole ratio 4:1 
were calcined at 1300°C in argon for different lengths of _time: 
1300°C 4B + Si -----=-.::...::..-=---=----'~ 
ARGON 
The specific surfaces of the products were determined by the B.E.T, method 
and their average crystallite sizes calculated. Combination cif boron and 
silicon (both of density 2.33) to form boron silicides, B4si or B6Si, gives 
slight increases of density to 2.44 - 2.47 which would slightly decrease the 
average crystallite sizes. 
Changes in specific surfaces and average crystallite sizes during the 
calcination of the boron-silicon mixture are shown in Figure 3.3.1, Since 
the boron and silicon components of the original mixture had specific 
2 -1 
surfaces of 11.4 and 2.0 m g. respectively, the stoichiometric mixture 
2 -1 
will possess a specific surface of 7.70 m. g. 
s 
m2 g-1 
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FIGURE 3.3.1. CHANGES IN SPECIFIC SURFACE (S) AND AVERAGE 
CRYSTALLITE SIZE (1) OF BORON-SILICON MIXTURE 
HEATED AT 1300°C IN ARGON 
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Separate samples of the boron and silicon were calcined under the . 
same conditions as the mixture and found to undergo extensive sintering, Their 
2 -1 
specific surfaces fall within 1 hour from 11.4 and 2,0 m, g, to 4,8 and 
2 -1 . 
< 0,2 m g respect~vely, the latter giving a hardened mass after 5 hours. 
However, the mixtures do not sinter (or harden) so readily at this 
temperature indicating that, in the chemical combination of the elements, 
the resultant fractional volume and crystal lattice changes (Table 1.5.1.) 
cause some activation (crystallite splitting) counterbalancing much of the 
loss of surface due to sintering, 
The diffusion coefficient of boron in silicon over the temperature 
range 1050-1350°C has been found to be given by: 
D = 16 exp. (-85±5 Kcal/RT) 2 -1 cm sec 
{Williams (1961)}, This indicates that the converse process, diffusion of 
silicon in boron, is much slower. Therefore, one would expect the formation 
of a B4Si product layer around each silicon particle, the resultant large 
fractional volume·change of +1,425 setting up strains in the layer 
sufficient to cause crystallite splitting, The formation of a product layer 
around the boron particles would only result in a fractional volume change of 
+0,581, which is less likely to cause crystallite splitting. 
The surface area changes are shown in more detail in Figure 3.3.2, 
This shows changes inactual surface, S', of the components of lg, samples 
of the initial mixture if they were to sinter separately without chemical 
combination, and the total change corresponding to the mixture (broken-lined 
curve). During the first 5 hours, the calculated values are we 11 below the 
experimental curve (fully-lined). Thus, after 1 hour calcination, there is 
2 
only a loss of 1,7 m surface area experimentally instead of a theoretical 
loss of 4. 7 m2 • The layers of product around the. remaining boron and silicon 
particles must inhibit sintering of· the reactants. Correspondingly, the 
average crystallite sizes increase while the numbers of crystallites decrease 
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much less than expected for separate sintering of the boron and silicon 
components. (Tab le 3. 3. 2.) These changes are generally confirmed by the 
electron micrographs (Figures 3.3.3. - 3.3.5.) These show that the boron 
particles, which are the smaller particles in the original mixture, initially 
exist as separate entities. However, after calcination for one hour the 
boron particles are all adhered to the larger silicon particles. 
The micrographs in Figures 3.3.6.- 3.3.7; sho~~ that, in the 
0 
absence of boron, silicon which has simply been heated to 1300 C (and 
not held at this temperature) undergoes extensive sintering, surface 
smoothing and neck grm~th being at an advanced stage. Heating to 1200°C 
only brings about the first stages of particle adhesion. 
The experimental and theoretical curves cross at a point 
corresponding to a reaction time of 5.5 hours, indicating that the products 
have undergone more sintering than predicted by the theoretical curve. 
This anomaly was· resolved by examination of the X-ray diffraction traces 
of the products. 
After one hour the two strongest B4Si peaks are clearly visible, 
also peaks due to silicon, but no B6Si peaks, are present. The 2-hour 
·trace is similar but with increased B4Si and decreased silicon intensities; 
the 5-hour trace shm.;s a well defined B4Si pattern and only weak silicon 
lines \.;ith the strongest B Si lines just visible. However, the 20-hou): 6 
trace shows the presence, in approximately equal proportions, of both B4Si 
and B6Si and an increased amount of silicon. Also, the B4si pattern is 
weaker than on the 5-hour trace. 
These results indicate that the optimum reaction time for the 
formation of B4Si under the conditions employed is 4-5 hours and that longer 
times lead to its disproportionation into B6Si and silicon. Since no free 
boron remains with \olhich it can react, the silicon sinters extensively and 
the surface area of the product decreases. The electron micrograph 
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TABLE 3. 3. 2. MULTIPLE CHANGES IN NUMBER OF CRYSTALLITES 
TINE 
. (HOURS) 
0 
1 
2 
5 
20 
DURING FOR}~TION AND SINTERING OF B4Si AT 
1300°C IN A..ltGON 
FRACTIONAL DECREASE IN NUMBER-OF CRYSTALLITES 
NUMBER OF CRYSTALLITES OF INITIAL MATERIAL FOR 
CRYSTALLITE OF PRODUCT 
EXPERIMENTAL ·cALCULATED :EXPERHlENTAL CALCULATED 
. 
1 1 1 1 
0.47 0.059 2.1 11.7 
0.24 0.048 4.2 20.8 
0.043 o. 039 23.2 25.6 
0.004 0.034 250 29.4 
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FIGURE 3. 3. 3. UNREACTED BORON-SILICON MIXTURE 
• 
• 
MAGNIFICATION: 13,000 x 
1 )Jm, 
FIGURE 3. 3. 4. 
1 \JID, 
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BORON-SILICON MIXTURE CALCINED IN ARGON 
AT 1300°C FOR 1 HOUR 
MAGNIFICATION: 13,000 x 
FIGURE 3 • 3. 5 • 
1 ).Jm. 
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BORON-SILICON MIXTURE CALCINED IN ARGON AT 
1300°C FOR 20 HOURS 
MAGNIFICATION: 13,000 x 
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FIGURE 3. 3. 6. SILICON CALCINED IN ARGON TO 1200°C 
MAGNIFICATION: 13,000 x 
1 lliD. 
1Z6 
FIGURE 3. 3. 7. SILICON CALCINED IN ARGON TO 1300°C 
MAGNIFICATION: 13,000 x 
1 ).lm. 
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(Figure 3.3.5.) for the sample calcined for 20 hours shows the surface 
smoothing caused by the sintering of the silicon, The powder diffraction 
data for the 5-hour sample are given in Table 3.3.3. together with the 
two most extensive sets of published data, 
X-ray examination of the amorphous boron samples which had been 
sintered in argon shows. that, even after 1 hour, crystallisation occurs to 
form tetragonal boron (ASTM Card No. 11-617) and also a considerable 
amount of the boron sub-oxide B7o (ASTM Card No. 12-614). The necessary 
oxygen must have been present as an inherent oxide film on the original 
boron or as an impurity in the argon atmosphere. However, in the presence of 
silicon no crystalline boron or boron-oxygen phases are detected, Therefore, 
under the·se conditions, the boron must undergo reaction with the silicon 
before .it has time to crystallise. 
The ASTM data for B7o is due to Pasternak (1959) who indexed the 
powder pattern in terms of an orthorhombic unit cell. However La Placa & 
Post (1961) showed that the pattern could also be indexed on the basis of a 
rhombohedral unit cell (corresponding hexagonal cell a = 5.37 ~. 
0 
C
0 
= 12.31 .R) ,.,hich is similar to that of B4Si (Table 1.3.1.) Therefore, 
the possibility exists that oxygen may be present in normal samples of B4Si 
causing variatioi1s in the lattice constants of the latter. 
3. 4. COMPARISON \HTH COMHERCIAL TETRABORON SILICIDE 
X-ray analysis of a commercial B4Si sample (Alfa Inorganics Ltd.) 
revealed that it contains a considerable amount of B6si (possibly as much 
as 20%) and some free silicon. A small quantity of hexagonal boron nitride 
\olas also detected. This may have been formed during the attempted 
purification of the material by using a nitric acid - hydrofluoric acid 
mixture for the removal of elemental silicon or it may be. contamination 
from a boron ·nitride reaction vessel. Spectroscopic examination showed 
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TABLE 3, 3. 3. PO\IDER DIFFRACTION DATA FOR B4Si, 
EXPERIMENTAL RIZZO & BIDWELL MATKOVICH 
(1960) (1960) 
d, R I/ I d, X I/ I d, X I/ I 0 0 0 
4.96 16 5.046 3 4.985 20 
4.159 36 4.157 26 4.147 30 
3.183 SILICON 3.171 21 3.159 20 
2. 756 80 2. 758 58 2.745 90 
2.684 lOO 2.685 lOO 2.674 lOO 
2.551 4 2.551 2 
2.523 8 2.522 4 2.518 1 
2.305 4 2.313 4 2.308 5 
2. 128 6 2.124 < 2 2.120 1 
2.077 7 2.082 5 2.076 1 
2.045 14 2.048 9 2.043 20 
1. 919 SILICON 
1.766 12 1. 765 ·6 1.762 20 
1. 740 < 2 
1. 722 10 1. 728 < 2 1. 724 10 
1.679 12 1.680 5 1.677 10 
1. 637 SILICON 
1. 608 28 1.609 18 1.606 50 
1. 583 12 1.585 7 1.582 30 
1. 526 7 1.530 < 2 1. 527 5 
1. 516 1 
1. 510 16 1. 512 10 1.510 30 
1.485 1 
1. 482 20 1.506 6 1. 480 20 
1.390 14 1. 386 5 1. 384 10 
--
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that the impurities present \¥ere Hg and Mn. These were the same 
impurities as detected in the amorphous boron used in the present work 
and they were also present ~n approximately the same concentrations. 
Samples of the commercial material were calcined in argon under 
the same conditions as employed for the synthesis described above. The 
surface areas were measured and the results, together with the corresponding 
average crystallite sizes are shown in Figure 3.4.1. The graphs show that 
with increasing time of calcination the surface area falls, reaching a 
limiting value after about 5 hours. The X-ray diffraction data indicate 
that disproportionation into B6si and silicon occurs, the latter causing 
sintering and a resultant fall in surface. 
3.5. PRODUCTION OF HEXABORON SILICIDE 
The preparation of single-phase hexaboron silicide, B6Si, should 
be easier than that of tetraboron silicide, since one only has to maintain 
the ·reaction temperature above 1370°C to prevent formation of the latter. 
Therefore, mixtures of boron and silicon in the mole ratio 6:1 \vere calcined 
at 1450°C in argon for periods of 1, 2, 5 and 20 hours. The products were 
examined by X-ray diffraction and as for B4Si the optimum reaction time was 
found to be approximately 5 hours, longer times slightly reducing the 
intensity of the peaks. Only a trace of elemental silicon was de.tected. 
The powder·diffraction data for the prepared 5 hour B6Si sample, together 
with the standard values quoted in the A.S.T.M. powder diffraction file are 
given in Table 3.5.1, 
X-ray analysis of a commercial sample of hexaboron silicide 
(Alfa Inorganics Ltd.) shoued good crystallinity and the presence of a trace 
of elemental silicon. Also, a fairly large quantity of hexagonal boron nitride 
was detected, Spectroscopic examination revealed the same impurities ~n 
approximately the same concentractions as found in the commercial B4Si sample. 
FIGURE 3. 4.1. 
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CHANGES IN SPECIFIC SURFACE (S) AND AVERAGE 
CRYSTALLITE SIZE ( .2- ) OF COHHERCIAL B 4 Si ~ATED 
AT 1300°C IN ARGON 
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TABLE 3. 5, L PotiDER DIFFRACTION DATA FOR B6 Si 
EXPERIHENTAL A.S.T.M. CARD NUMBER 11-292 
d, ~ I/I d, ~ I/I 
0 0 
5.54 26 5,60 12 
4.96 70 { 4.98 85 
4.95 45 
4.65 44 4. 68 55 
4.38 lOO 4. 39 100 
. 4. 23 74 4.23 80 
4. 19 95 4. 19 85 
. 4.11 56 4.11 85 
4.02 26 4.01 40 
3.87 30 3.88 40 
3.74 30 3.75 35 
3.52 22 3.56 15 
3.44 22 3.45 25 
3.41 40 3.41 45 
3. 39 40 3.38 20 
3.36 7 
3. 28 43 3.29 45 
3.26 35 3.25 20 
3.18 65 3.20 65 
3.12 SILICON 3. 12 6 
3.06 17 3.06 25 
2.96 40 {2.931 45 
2.933 50 
2.913 43 2.896 25 
2. 859 91 2. 871 90 
2.824 32 2.824 35 
2.806 63 2.810 45 
2. 789 60' 2.783 25 
2.764 65 2. 771 45 
2. 746 69 2.738 45 
2.699 91 2.709 100 I. 
2.651 43 2.665 13 
2.638 56 2.647 40 
2.600 43 2.615 so 
2.579 32 e·586 20 
2.573 15 
2.530 30 2.540 20 
2.503 26 2.503 20 
2.476 35 2.473 8 
132 
3.6. THE MILLING OF BORON SILICIDE AND OF ELEMENTAL SILICON 
Since high temperatures are required for the synthesis of boron 
silicides, some sintering occurs and consequently these materials generally 
2 -1 have fairly lm~ specific surfaces of 1 - 3 m g (average crystallite sizes 
~· 2.5- 0.8um). The milling of such materials would be expected to increase 
their activity by producing a reduction in crystallite size, a strained crystal 
lattice or both. · 
The hexaboron silicide was selected for milling studies s~nce its 
hardness (Table 1.2.5.) is higher than that of the tetraboron compound, Thus, 
6g-samples of B
6
Si (Alfa Inorganics Ltd.) were dry milled for different lengths 
of time in a porcelain ball mill under standard conditions, i.e. constant ratio 
of sample weight to number and size of porcelain balls. The surface areas of 
the milled samples were determined and the corresponding average crystallite 
sizes calculated. The results, sho1m in Figure 3.6.1., indicate that B6Si is 
.. fairly resistant to milling, the average crystallite size being only halved 
after 10 hours and only reducing slightly after a further 10 hours. The 
surface area tends towards a limiting value, indicating that the production of 
new surface by disintigration is almost cancelled out by the loss of surface 
due to aggregation. 
The development of crystal strain leading to disintigration during the 
20 hours is indicated by X-ray line broadening. Since the surface area 
determinations show that the average crystallite size does not fall belm~ 
0, 4um, intrinsic broadening due to small crystal lite size will be negligable. 
(It ~s only appreciable for sizes in the rm1ge 0.01- O.lum) (Section 2.1.3.). 
The amount of line-broadening therefore was attributed entirely to crystal 
lattice strain and increased with milling time, 
s 
2 -1 
m g 
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FIGURE 3.6.1. CHANGES IN SPECIFIC SURFACE (S) AND AVERAGE 
CRYSTALLITE SIZE (~ ) OF COMMERCIAL B6Si MILLED 
FOR VARIOUS LENGTHS OF TIME 
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During the X-raying of the samples, the diffractometer table was run 
at the slow speed of 10 min./degree and the chart recorder at 600 mm/hour, 
giving a spacing of 10 cm./degree on the chart. This spacing permitted 
estimates of line breadth to be made to the nearest half minute of arc. The 
observed line breadths were corrected forK doublet broadening (Section 2.1.6.). 
a 
The corrected breadth for the unmilled sample was ascribed entirely to 
instrumental factors and the observed increase in broadening with time 
(Figure 3.6.2.) was assumed to.be a cumulative effect. Since the curve for the 
(240} reflection indicates strain developed parallel to both a and b axes its 
magnitude is greater than that of the curve for the (002) reflection (strain 
parallel to c axis only). 
Some of the change in specific surface and average crystallite size 
during milling was caused by the boron nitride impurity. This is indicated 
by comparison of the electron micrographs (Figures 3.6.3.- 3.6.7.). These 
show that the proportion of smaller B6Si particles in the samples increases 
with time of milling and that the boron nitride particles become increasingly 
flaky (Figure 3.6.6.) and sometimes form quite large aggregates (Figure 3.6.7.). 
The layer structure of boron nitride is more susceptible to shearing forces 
parallel to the layers with the result that thin flake-like crystals are 
formed. These crystals probably possess a lubricating effect similar to that 
of graphite and consequently may reduce the shearing forces acting on the 
B6Si particles thereby making comminution more difficult. 
A series of similar experiments were also carried out on elemental 
silicon powder in order to compare the milling characteristics of the original 
and borided materials. One would expect silicon to be more susceptible to 
comminution since its hardness is typically one-third to one half of the 
hardness of the boron silicides (Table 1.2.5.). 
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FIGURE 3.6.2. DEVELOPMENT OF STRAIN DURING THE MILLING OF B6Si 
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FIGURE 3.6.3. UNMILLED HEXABORON SILICIDE 
MAGNIFICATION: 12,000 x 
1 J..liD, 
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FIGURE 3.6.4. HEXABORON SILICIDE BALL- MILLED FOR 2 HOURS 
MAGNIFICATION: 12,000 x 
1 lJID. 
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FIGURE 3. 6, 5, HEXABORON SILICIDE BALL-MILLED FOR 5 HOURS 
MAGNIFICATION: 12,000 x 
1 )Jm. 
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FIGURE 3.6.6. HEXABORON SILICIDE BALL-MILLED FOR 10 HOURS 
MAGNIFICATION: 12 1 000 x 
1 f,lm. 
FIGURE 3. 6. 7. 
1 lJm. 
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IMPURITY BORON NITRIDE AGGREGATE FROM HEXABORON 
SILICIDE SAMPLE BALL-MILLED FOR 10 HOURS 
MAGNIFICAI!ION: 12,000 x 
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Thus 6g- samples of silicon (Cerac Ltd.) were dry milled for 
different lengths of time under the same standard conditions a~ employed for 
the hexaboron silicide. The resultant surface areas and average 
crystallite sizes are shown in Figure 3.6.8, The magnitude of the latter 
quantity is more than halved after 2 hours milling, as compared to 10 hours 
for the corresponding change in B6Si, and falls to the lm~ value of 0.5).Jm 
after 10 hours. ·These changes are generally confirmed by the electron 
micrographs, Figures 3.6.10.- 3.6.13., which also illustrate the tendency 
of the smaller crystallites to form aggregates thus opposing the disintigration 
process. 
These sample also exhibited X-ray line broadening, but in this case 
the 5 and 10 hour values of average crystallite size are not negligably small 
and the effect could not be attributed entirelx to the development of strain. 
Therefore in calculating the strain a small correction factor for the 
-- crystallite-size·-broadening-was -subtracted· ·from the· 5 ·and 10-hour·-values~ 
results, shown in Figure 3.6.9., indicate that the magnitude of the strain is 
similar to that found for B6Si but, since the lattice energy of silicon is less 
than that of the silicide, more extensive disintigration is·observed, 
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FIGURE 3.6.8. CHANGES IN SPECIFIC SURFACE (S) AND AVERAGE 
CRYSTALLITE SIZE ( t ) OF SILICON MILLED FOR 
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DEVELOPMENT OF STRAIN DURING THE MILLING 
OF SILICON 
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FIGURE 3.6.10. UNMILLED SILICON 
MAGNIFICATION: 13.000 x 
1 llm. 
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FIGURE 3. 6 .11. SILICON BALL-MILLED FOR 2 HOURS 
MAGNIFICATION: 13,000 x 
1 J,Jm. 
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FIGURE 3.6.12. SILICON BALL-MILLED FOR 5 HOURS 
MAGNIFICATION: 13,000 x 
1 ].lm. 
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FIGURE 3.6.13. SILICON BALL-MILLED FOR 10 HOURS 
MAGNIFICATION: 13.000 x 
1 lJm. 
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3. 7. DISCUSSION 
The preparative work described above indicates the great importance 
of. using an intimate stoichiometric mixture of boron and silicon, both of 
which should be of low, and preferably similar, particle size. Then' the 
products thus obtained should be homogeneous in composition and the reaction 
times reduced. This latter point is particularly important for preparation 
of the tetraboron silicide due to its lower thermal stability. Shorter 
reaction times should also reduce sintering of the products, although this 
is probably limited to surface diffusion and evaporation- condensation 
mechanisms due to their covalent structures. 
In the production of boron silicides from the elements, boron diffuses 
1---- --1ntothe silicon lattice andwlien the soluoilTty-nmrC{2;-9atoniic% -acl300°c-
(Sleptsov and Samsonov, 1959)} is exceeded Si- Si bonds are ruptured and 
eventually B12 icosahedral units are formed. The various forms of crystalline 
boron and the boron-rich compounds with nonmetals (e. g. ·c, Si, P, 0) all 
contain these B12 structural units. In linking with other units or chains, the 
preferred stereochemistry of the boron atom is a pentagonal pyramid (i.e. 
6-coordinate) and as the fraction of atoms in this preferred arrangement 
increases so do both the complexity and thermal stability of the frameworks. 
Thus, in order of increasing stability, we have: 
B4si ----?>- B6Si ---~ 
+ 
Si 
B 
+ 
Si 
melt. 
Structure determinations and theoretical considerations (Section 
1.3.4,) indicate that \vhereas the icosahedra in B4si contain silicon (possibly 
B11Si, Si-B-Si by analogy \vith B4C), those in n6si do not, Considering the 
transition from B4si to n6si: Removal of silicon produces an unstable 
rhombohedral phase of composition n12si 3 - B12si2 \Vhich undergoes a phase 
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transition to the more complex, less symmetrical orthorhombic form of greater 
·stability for the composition .i!12si2• In. this transformation, the rhombohedral 
B4si with corresponding hexagonal constants typically 
a 
0 
+ 6.3 R c 
0 
= 12.1 R (Table 1.3.1.) 
~s converted to the orthorhombic B6Si lattice with constants 
a 14.39 R 
0 
b 18.27 R 
0 
c = 9.88 R 0 
The (0001) c - axis spacing of B4Si doubled to 25.4 R becomes the (111) spacing 
of B6Si (25.3 R). This is analogous to the calcite-aragonite transformation 
(Gammage & Glasson, 1963; Gammage 1964). 
I 
I 
I 
I 
I 
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IV OXIDATION AND NITRIDATION OF BORON SILICIDES 
4.1. INTRODUCTION 
The tendency of the boron silicides to undergo oxidation or 
nitridation is indicated by the magnitude of the accompanying free energy 
change. The most probable products of the oxidation reaction are boric oxide 
and silica and the corresponding free energy plots are shown in Figure 1.4.1. 
(Section 1.4.). Since the sign of 6G ~s negative over the whole range of 
temperature considered (0- 3000°K), the reaction can be said to be 
thermodynamically feasible. 
Similarly, for the nitridation reaction (Figure 1.4.2.), the sign 
of 6G associated with the formation of boron and silicon nitrides is negative 
_____ from-O?K.-up. to~their--respective-decomposi~ion temperatures.-However-,-the--
energy changes associated with the possible formation of mixed oxide or nitride 
phases cannot be predicted with any certainty from these diagrams. 
Such thermodynamic predictions may well be overruled by kinetic 
considerations especially since both solid reactants and products are in-
volved. The main factors influencing the course of the reaction have been 
outlined in Section 1.5.1. and in general the mechanism will be determined by: 
(i) The differences ~n molecular volume and crystal lattice 
types of the reactants and products leading to splitting 
of product crystallites. 
(ii) The temperature and time of heating leading to surface and 
(iii) 
lattice diffusion and consequent sintering of products. 
Impedence caused by formation of stable product layers 
around reactant particles, 
(iv) The temperature and time of heating governing the extent of 
possible diffusion of oxygen and nitrogen into the solids. 
Thus, (i) -increases rate, (ii) and (iii) decrease rate and (iv) increases 
rate Hith increase in temperature. 
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4.2. OXIDATION OF BORON SILICIDES, STARTING MATERIALS AND PROCEDURE 
The chemical composition of the commercial boron silicides 
(Alfa Inorganics Ltd.) studied in this work have been described in Sections 
3.4. and 3.5. The specific surface area of the hexaboron silicide was 
2 7 2 -l d h f h b "1" "d 1 8 2 -l • m g an t at o t e tetra oron s1 1c1 e, • m g • 
In this work the two phases have been calcined in ambient air 
atmosphere under isothermal conditions at temperatures in the range 
500 - ll00°C. Samples of approximately lg. were accurately weighed into 
a small porcelain crucible and placed in the thermogravimetric balance 
described in Section 2.4.1. The resultant weight changes with time were noted, 
and the oxidised samples retained for X-ray analysis. In ·general, the total 
·reaction- time- was-7 days; - --
"-' 
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4.3. KINETICS OF HEXABORON SILICIDE OXIDATION 
The oxidation of hexaboron silicide is assumed to result in the 
formation of silica, Sio2 , and boric oxide, B2o 3, according to: 
------- (1) 
On the basis of this equation Ig. of B6Si will gain in weight by 1. 893 g. 
provided the conversion to oxide is complete and no volatilisation of 
material occurs. Thus, from the observed weight gains with time, 'the.c,%.,con:-
version to oxide' was calculated and the results displayed graphically. The 
experimental data may be conveniently divided into low- and high- temperature 
regions since the form of oxidation isotherm observed changes at approximately 
The 'low-temperature' data are shown in Figure 4. 3.1. Oxidation 
--- ---------
was found to occur at 500°C after an initial induction period of approximately, 
1 - 2 days. During this period germ nuclei of product are being established 
at favourable sites such as dislocation and grain boundaries, Nucleation is 
also slow at 600°C as shown by the presence of an initial acceleratory period 
on the isotherm, At higher temperatures, nuclei formation and overlap 
produce an interface more rapidly and the reaction becomes deceleratory. Also, 
both the initial rate and the total amount of reaction increase with rise Ln 
temperature. This trend continues up to a temperature of approximately 800°C 
above which, although the initial rate is extremely rapid, the total amount of 
.reaction LS much less due to the onset of impedence effects, 
The 'high-temperature' data Ln Figure 4.3.2. show that with in-
creasing temperature these impedence effects progressively decrease the total 
amount of reaction. Thus, the behaviour observed in the 'low-temperature' 
region LS rever.sed at temperatures above approximately 800°C. (For com-
parison the 900°C isotherm is shown in both Figure 4.3.1. and 4.3.2,). 
FIGURE 4. 3.1. LOW TEMPERATURE OCIDATION OF B6Si 
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However, at ll00°C the trend is again reversed, the total amount of reaction 
observed being greater than that at 1000°C. 
The appearance of the oxidised specimens also changes with 
temperature of calcination. The lower temperature samples consist of a 
greyish-white body of approximately the same dimensions as the original un-
compacted powder, whereas those produced at higher temperatures are black 
in colour, coated with a shiny glaze and much reduced in size. 
Supplementary to the above, the D.T.A. technique (Section 2.4.2.) was 
employed in an attempt to determine the onset of oxidation. However, the 
weight of sample used had to be increased from the usual 500 mg. to 2 g. due 
to the low exothermicity of the oxidation and flow conditions could not be 
employed due to the viscous nature of the reaction products. The sample was 
heated at the linear rate of 10°C min-l and the broad peak obtained indicated I 
-·---that-reaction commenced- at approxiJnateTy--550°C and-reaclieda maximum-at: ---- -'-
approximately 750°C. 
The effect of milling on the reactivity of the material at a given 
temperature is shown in Figure 4.3.3. The samples investigated were those 
described in Section 3.6. where it was shown that increase of milling time both 
decreased the particle size of the·material and increased the lattice strain 
in the individual crystallites. Both of these effects would be expected to 
increase the reactivity of the material and this was found to be so. However, 
the total amount of reaction observed for the 10 hour milled sample was re-
duced relative to the 2- and 5- hour samples. This was probably caused by a 
change in the particle size distribution leading to increased packing 
efficiency of the particles and. hence a reduced access of gas to the sample 
interior. 
The low-temperature oxidation data were found to fit a 2 /3~order 
kinetic low indicative of a reaction proceeding at a progressively decreasing 
interface. In the absence of extensive sintering, the product layer formed 
FIGURE 4. 3. 3. OXIDATION OF MILLED B6Si AT 1000°C 
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would not be expected to be protective since the very large molecular volume 
change of+ 2.761 which occurs on the formation of vitreous boric oxide and 
silica (Table 1.7.1.) would cause intense strains to be set up leading to 
splitting of the layer. Even if none of the silicon were to undergo oxidation 
(due to the large excess of boron) the resultant volume change of + 2.397 is 
still very large. 
The 2/3- order kinetic law may be derived by considering a simple 
'contracting sphere' model (the law applies to any roughly isodimensional body): 
After nucleation has occu·red, the rate of reaction is governed by the 
progression of the resultant reactant/product interface towards the centre of 
the particle and the reaction becomes deceleratory as the interfacial area 
progressively decreases. If R is the radius of the spherical grain and x the 
a = 
3 3 R - (R - x) {Equation (7), Section 1.5.1.) 
X = 
. R3 
1 
R[l - (1 - a) 31 
If the interface advances at a constant linear rate at a given temperature, 
then 
Thus: 
X= K't where K' = a constant 
t = time 
1 
3 Kt = 1 - (1 -·a) 1 -
1 
3 
w 
where w = amount of unreacted material. 
1 
------(i) 
Therefore a plot of w~·against time should yield a straight line of intercept 
unity. 
This expression ~s equivalent to the differential equation derived by 
Spencer and Topley (1929): 
2 
· ·dw 
dt 
-------(ii) 
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In practice reactions involviub solids may obey a general expression of the· 
form: 
dw 
dt 
------ (l.ll.) 
where n may deviate from 2/3 due to impedence effects such as sintering of the 
product, 
1 
3 The plots of w against time, shown in Figures 4.3.4. and 4.3.5., 
indicate that the above model adequately describes the observed oxidation 
behaviour over considerable ranges, The initial deviations from linearity in 
0 the 500 and 600 C plots are due to the nucleation period. 
In the 'high-temperature' region the experimental data did not fit 
any of the standard kinetic expressions. In general, the initially rapid rate 
-of reaction -is follm~ed -by -a per-iod -dur-ing-which-the--kinet-ics· tend- towards----· 
parabolic indicating a diffusion-controlled mechanism. The impeding effect of 
the product layer subsequently prevents any further reaction. 
The energy of activation, E, for the oxidation process may be 
estimated by application of the Arrhenius equation: 
ln k -E 
RT 
+ constant. 
From the slope. of the plot of log (rate constant) against reciprocal absolute 
temperature, shown 1.n Figure 4.3.6., the value of E was found to be 22.4 k cal 
-1 g. mole of B6Si. There_ are no published data available for comparison but 
the value of E is very similar to that obtained by Jones (1970) for the 
-1 
oxidation of B11C over the same temperature range, viz. 23,9 k cal g. mole • 
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FIGURE 4.3.4. OXIDATION KINETICS OF B6Si 
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FIGURE 4.3.5. OXIDATION KINETICS OF B6Si 
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FIGURE 4.3.6. ARRHENIUS PLOT FOR B6Si OXIDATION 
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4.4. KINETICS OF TETRABORON SILICIDE OXIDATION 
As a general rule it is found tha.t, of the n.fo boron silicides, the 
tetraboron phase undergoes a more complete reaction at any given temperature. 
This Ls in agreement with the limited data of Feigelson and Kingery (1962) 
who only used reaction times of up to 7 hours. 
The oxidation of tetraboron silicide is assumed to proceed according 
to: 
+ 
On the basis of this equation 1 g. of B4Si will gain in weight by 1.794 g. 
(as compared to 1.893 for B6si) provided the conversion to oxide is complete 
and no volatilisation of material occurs. As before, it is convenient to 
divide the experimental data into low- and high-temperature regions since Ln 
-------------
this case the form of the observed oxidation isotherm also changes at 
approximately 700°C. 
The 'low-temperature' data are shown in Figure 4.4.1. Oxidation of 
B4Si at 500°C was found to occur after an induction of period of approximately 
1 day, as compared to 1 - 2 days for B6Si, The general form of the isotherms 
are very similar to those for B Si, as may be seen by comparison with 
6 
Figure 4,3.1. 
The 'high-temperature' data Ln Figure 4.4.2. also show analogous 
behaviour (c. f. Figure 4,3.2.), with the impeden·ce effects becoming more 
0 
effective with rise in temperature and a reversal of this trend at 1100 C. 
Additional experiments were carried out in which the low-temperature 
oxidation of B4Si \vas extended to a total reaction time of 3 weeks in order to 
establish if the amount of reaction tended towards a limiting value, The 
d 0 . h results, shown in Figure 4. 4. 3. , indicate that the 500 an 550 C Lsot erms are 
still rising and therefore the possibility exists that the reaction may go to 
FIGURE 4. 4.1. LOW TEMPERATURE OXIDATION OF B4Si 
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theoretical completion after prolonged periods of exposure at these low 
temperatures. 
The appearance of the oxidised specimens were identical to those of 
-B6Si for the same temperature and time of exposure. Also, the D.T.A. technique 
gave the temperature for the onset of oxidation as approximately 550°C as for 
the B6Si and the peak reached a maximum value at approximately 725°c (c.f. 
0 . 750 C for B6Si). 
As for B6si, the 'low-temperature' oxidation data were found to fit a 
2/3-order kinetic law (Figures 4.4.4. and 4.4.5.) over considerable oxidation 
ranges (c.f. Figures 4.3.4. and 4.3.5.). The molecular volume change which 
occurs on the formation of vitreous boric oxide and silica from B4Si is almost 
as large as that for B6Si: + 2. 566 as compared to + 2. 761. Thus, in the 
the oxide layer. The Arrhenuis plot for B4Si (Figure 4.4.6.) gave an 
-1 
activation energy of 27.6 K cal g. mole of B4Si compared to the value of 
-1 -1 22.4 k cal g. mole for B6Si and 23.9 k cal g. mole obtained by Jones 
(1970) for B4C oxidation, 
4.5. PHASE COHPOSITION OF OXIDATION PRODUCTS 
The exteriors of all the oxidised samples were investigated by means 
of X-ray diffraction, and in addition each sample was -split open and the 
interior examined, The results showed that the glaze which forms on the 
surface of the powder samples and fabricates them into solid bodies is, on the 
whole, amorphous to X-rays. This is indicated by the complete absence of any 
diffraction pattern or the occasional presence of a broad diffraction band. 
However, several of the samples did give distinct diffraction peaks 
from either the exterior or interior. These were characteristic of boric 
oxide in the form of boric acid; i.e. the oxide had been hydrated by 
atmospheric moisture after removal from the furnace, according to the reaction: 
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FIGURE 4.4.4. OXIDATION KINETICS OF B4Si 
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OXIDATION KINETICS OF B4Si 
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FIGURE 4.4.6. ARRHENIUS PLOT FOR B4Si OXIDATION 
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Also, the main a- quartz peak was observed on several of the X-ray traces. 
In general this peak was quite strong for the lower-temperature samples, but 
was only just discernible for those oxidised at the higher temperatures. No 
elemental silicon peaks were detected on any of the traces. 
4.6. DISCUSSION 
The weight· changes on calcination in air tend to .indicate that both 
the boron and silicon undergo oxidation, since at some of the lower temperatures 
employed the reaction goes almost to theoretical completion, e.g. in the 
oxidation of B4Si at 700°C for 7 days the weight gain represents nearly 90% 
conversion to oxide. 
is to be expected since this substance is one of the most difficult to 
crystallise and usually forms a glass. However, even if the oxidation reaction 
does not go to theoretical completion, the general absence of silica peaks on 
the diffraction traces still has not been explained. Nor is there any obvious 
explanation for the observation of the main a- quartz peak on some traces or 
for its decrease in intensity at the higher temperatures, since one would 
expect these to promote crystallisation. 
0 
·The oxidation of silicon or its compounds at temperatures belm·l 1000 C 
generally leads to the formation of amorphous silica, the crystalline forms 
only occuring at higher temperatures (Section 1.7.). The heating of amorphous 
silica at temperatures above 900°C leads to the formation of cristobalite 
(Eitel, 1965) and devitrification of vitreous silica can occur as cristobalite 
formation at all temperatures from l000°C to the m.p. (Dumbaugh and Schultz, 
1969). Quartz is also converted into cristobalite at approximately l050°C 
(Section 17). Thus the preferred oxidation products would appear to be 
amorphous silica or cristobalite. 
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There is no evidence of compound formation in the B2o3 - Sio2 
system and ·some controversy still exists regarding the form of the phase 
diagram, mainly due to the following difficulties: 
i volatilisation of B2o3 at elevated temperatures, 
ii the rapid hydration of B203 - rich materials, 
111 the high viscosity of borosilicate melts. 
Kumar and Nag (1968).have investigated the influence of B2o 3 on the 
vitrification of amorphous and crystalline forms of silica. They found that 
with·s- 10 weight% of B2o3, amorphous silica readily and completely 
vitrified at 1480 - 1040°C, but not the crystalline forms, even after heating 
for periods of up to 50 hours. The results suggest that with increasing B2o3 
content, larger proportions of amorphous silica were directly converted to 
They also found that 
B2o3 does not permit conversion of quartz to cristobalite and that mixtures 
containing quartz and 10% B2o3 were directly converted to glass at i325°C. 
Since, in the present 1-1ork on boron silicides, the B2o 3 is always 
present in excess over the silica, these effects 1wuld be greatly enhanced. 
Thus, it appears that any amorphous silica produced is completely vitrified 
and that the traces of quartz produced cannot convert to cristobalite but can 
be conv~rted into glass at higher.temperatures. 
Rockett and Foster (1965) have put forward the phase diagram for the 
B2o3 - Si02 system shown in Figure 4.6.1. Oxidation of B6Si and B4Si would 
produce glasses of composition 3B2o 3.sio2 (77. 7% by weight of B2o 3) and 
2B2o3.Si02 (69.8% by lveight of B2o3) respectively. From the phase diagram it 
can be seen that these compositions correspond to liquidus temperatures of 
ea. 640 and 690°C respectively. These values of temperature are similar to 
those at which the nature of the observed oxidation behaviour changes. At 
these and higher temperatures, a liquid phase is formed on the outside of the 
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FIGURE 4.6.1. PHASE EQUILIBRIUM DIAGRAM FOR THE B2o3 - Si02 SYSTEM 
(AFTER ROCKETT AND FOSTER, 1965) 
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boron silicide particles and the reaction is progressively retarded as it 
becomes controlled by the diffusion of oxygen through the viscous product 
layer. Also, the mineralising action of the product layer promotes sintering 
of the material. 
Thus, when only 8% of a B6Si sample is oxidised at 800°C in air, the 
specific surface and average crystallite size, respectively change from 
2.7 m2g-l (0.9 ~m) initia~ly to 0.6 m2g-l (4.2 ~).representing a 100-
fold decrease in the number of crystallites. 
Similarly, a sample of B4Si considerably loses surface and increases 
in crystallite size. More de.tailed examination shows that the specific surfac·e 
of the top half of the sample (with better access to oxygen) falls from 1,8 to 
2 -1 below 0.4 m g while only about 20% of the layer is oxidised. This 
corresponds to the average crystallite size increasing from 0.9 ~m to over 
6 ~m and represent a 300- fold decrease·in the number of crystallites. On the 
other hand, the specific surface of the lower layer only decreases from 1,8 to 
3 -1 1.3 m g (0.9 to 1,9 ~m), representing a 10- fold decrease in the number of 
crystallites \vhere there is comparatively less oxidation. 
This mineralising action is similar to that due to B2o3 (m.p. 450°C) 
and Sio2 (m.p. 1720°C) alone in the oxidation of boron carbide (Jones, 1970) 
and boron and silicon nitrides (Coles et al, 1969). 
These changes are illustrated in the electron micrographs, Figures 
4.6.2,. - 4.6.5~ (The unreacted B6Si was shown earlier in Figure 3.6.3.). 
The electron diffraction pattern of B6Si shmm in Figure 4. 6. 3~ was due mainly 
to the presence of particles which were thin enough to transmit electrons. 
No such diffraction pattern could be obtained from the oxidised specimens 
indicating that the smaller crystallites undergo preferential reaction. 
Volatilisation of B2o3 only becomes appreciable above 1100°C and this 
FIGURE 4.6.2. 
1 ).lm 
174 
HEXABORON SILICIDE CALCINED IN AIR AT 
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FIGURE 4. 6. 4. UNREACTED TETRABORON SILICIDE 
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will assist the oxidation (c.f. Figures 4.3.2. and 4.4.2.) by reducing the 
thickness of the product layers. This is . analogous to the oxidation of 
titanium boride, TiB2 , the oxidation layer at ll00°C consisting almost 
entirely of rutile due to the increased volatility of B2o3 (Kubaschewski and 
Hopkins, 1962 p. 264). 
The most important conclusion to be drawn from this work is that the 
boron silicides may only be used in an oxidising environment at lower 
temperatures (500 - 800°C) without severe degradation occuring if they have 
been first subjected to oxidation at higher temperatures (~. 1000°C) in order 
to form a protective coating. 
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4.7. NITRIDATION OF BORON SILICIDES, PROCEDURE 
The compositions and surface areas of the boron silicides studied 1n 
this work have been described earlier (Sections 3.4. and 3.5.). Separate 
samples of the hexaboron and tetraboron silicides, contained in re-
crystallised alumina boats, were reacted with nitrogen and with a nitrogen-
hydrogen (90:10) mixture 1n the tube furnace described in Section 2.5. 
The reactions were carried out at either 1300 or 1450°C since these 
temperatures are respectively below and above the disproportionation 
temperature (1370°C) of B4Si. The reaction time was standardised at 65 hours 
as preliminary experiments had shoHn that for shorter times the r eaction was 
incomplete. During the initial heating period, carried out at the rate of 
0 -1 10 C min . , the apparatus was evacuated , and alternately flushed with argon 
and nitrogen. This procedure helps to remove the more volatile impurities. 
At 800 - 900°C pure nitrogen (or the nitrogen-hydrogen mixture) was admitted 
and the pressure maintained at slightly above atmospheric throughout. 
4.8. RESULTS AND DISCUSSION 
The reaction of boron silicides with nitrogen has not previously 
been r epor ted although Lamikov (1968) states that'nitrogen does not react with 
0 these compounds below 1000 C.' However, the widespread use of nitrogen 
atmospheres in industrial processes makes such an investigation desirable. 
The reaction products were identified by X-ray analysis and the 
results are given in Table 4.7.1. The analyses showed tha t the main product 
in all cases is crystalline boron nitride as is to be expected from the 
composition of the reactant boron silicides. Reaction Hith nitrogen alone, 
even at the highe r temperature , does not result in the formation of silicon 
nitride , although c1~stalline silicon is produced. Also, some boron silicide 
remains unreacted. 
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TABLE 4. 7. 1. NITRIDATION OF BORON SILICIDES 
REACTANTS TEMPERATURE PRODUCTS 
1 B4Si + N2 1300°C BN, Si, B6Si, (B 4 Si) 
2 B4Si + N2 1450°C BN, Si, B6Si, (B4Si) 
3 B6Si + N2 1300°C BN, Si, (B6Si) 
4 B Si + N2 1450°C BN, Si, (B6Si) 6 
5 B4Si + N2 + H2 1300°C BN , Si, B6Si, (B4Si) 
· 6 .B4Si + N2 + H2 1450°C BN , Si3N4 (a : 8 as 10:90) 
7 B6Si + N2 + H2 1300°C BN, Si, (B6Si) 
8 B6Si + N2 + H2 1450°C BN, Si3N4 (a : 8 as 10:90) 
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TABLE 4.7.2. 
. REACTANTS TEMPERATURE 7. CONVERSION TO BN AND Si 
1 B4Si + N2 1300°C Sligh~ weight loss (S.!· 4-5%) 
2 B4Si + N2 1450°C 72.0% 
3 B6Si + N2 1300°C Slight weight loss (.s.2,. 4-5%) 
4 B6Si + N2 1450°C 30.3% 
7. CONVERSION TO BN P~D Si3N4 
5 B4Si + N2 + H2 1300°C Slight weight loss (~. 47.) 
6 B4Si + N2 + H2 1450°C 45. 37. 
7 B6Si + N2 + H2 1300°C Slight weight loss <..s.<:.· 77.) 
8 B6Si + N2 + H2 1450°C 53.5% 
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However, with the nitrogen-hydrogen mixture at the higher temperature, 
· silicon nitride is formed with the B-modification as the predominant phase 
(a: e as 10:90). 
The% conversionsto BN and silicon or Si3N4 (Table 4.7.2 . ) were 
calculated from the observed weight gains on the assumption that the reactions 
proceed according to the following equations: 
B4Si + 2 N2 4 BN + Si ------ (A) 
B6Si + 3 N2 6 BN + Si ------ (B) 
3 B4Si + 8 N2 12 BN + Si3N4 ------ (C) 
3 B6si + 11 N2 18 BN + Si3N 4 ------ (D) 
However, at the lower reaction temperature, although BN and silicon 
were formed, slight weight losses occurred indicating volatilisation of 
material. Also, the X-ray data for experiments 6 and 8 suggest that the 
reactions have gone to completion but the observed \veight gains do not 
correlate. This may be due to volatilisation and/or solid solution of boron 
or silicon in the compounds present . 
The fractional volume changes accompanying reactions A - D above are 
+ 0.92, + 1.05, + 1.02 and+ 1.12 respectively. Therefore, the product layers 
should split atvay from the reactant particles and expose fresh surface for 
reaction. Since BN is more refractory than either the reactants or the other 
products its formation \vill retard sintering and consequently the reaction 
products were ahvays in powder form. 
The products obtained by nitridation at 1450°C are illustrated in 
Figures 4.8.1. and 4. 8. 3 . The B4si particles have undergone some sintering 
due to disproportionation into B6Si and silicon , the latter being liquid at 
the temperature of reaction. Whiskers \vere sometimes formed onthe surface 
of the sample sugges ting that a vapour phase reaction may be involved . The se 
FIGURE 4. 8.1. 
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ELECTRON DIFFRACTION PATTERN FROM BORON 
NITRIDE CRYSTALS IN FIGURE 4.8.3. 
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were found to be amorphous to both X-rays and electrons and a typical specimen 
is shown in Figure 4.8.2. The boron nitride particles could be easily 
identified by electron diffraction (Figure 4.8.4.) due to their extreme 
thinness . 
The above results suggest the following possible mechanisms: 
In the reaction with nitrogen, boron nitride BN, crystallises out 
from the boron silicide matrix , together with silicon which may contain some 
dissolved boron. {2.9% by weight at 1300°C (Sleptsov and Samsonov, 1959) }. 
Nitridation is incomplete in all experiments (1- 4, Table 4.7.1 . ) some 
residual B6Si and B4Si being detected. At the higher temperature the silicon 
is formed in a molten state, and since fused silicon does not wet boron 
nitride (Samsonov, 1960, p. 218), it will form into globules and not be 
nitrided very easily . Also, the presence of dissolved boron may retard 
nitridation of the silicon by the r eaction: 
4B + 4BN + 3Si 
[This reaction 'vas shown to occur by heating silicon nitride plus 10% boron 
in argon at 1400°C for 20 hours]. 
Simi lar results are obtained at 1300°C when hydrogen is present, but 
at 1450°C all . of the silicon is converted to silicon nitride (a: B as 10:90) 
and now no residual boron silicides are detected ; evidently the dissolved 
boron is released thus permitting the formation of silicon nitride. The 
abnormally small increases in weight suggest some loss of boron, possibly by 
hydride formation; boranes have been obtained by the action of hydrogen on 
boron at 840°C (Samsonov, 1960 , p . 74) . The boron and the hydr ogen would keep 
the silicon oxygen-free , so that the 8- nitride preponderates in the product. 
The above r esult s show that at high temperatures (up to 1450°C) 
nitrogen reacts extensively with both of the boron silicides, especially 1n 
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the presence of hydrogen. This provides new methods of producing boron and 
silicon nitrides, compared with the more conventional methods of direct 
nitridation of the elements. Also, the presence of boron appears to exert 
some influence on the relative proportions of a- and e- silicon nitrides 
formed and this aspect is discussed more fully in Section 5. 
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V PRODUCTION AND SINTERING OF SILICON NITRIDE 
5.1. INTRODUCTION 
The crystal chemistry and production of silicon nitride have been 
described in Sections 1.3.6. and 1.5.3.(a), Although the technology of silicon 
nitride is now well established, there is still some controversy concerning 
the conditions under which the pure a- and S- phases are formed and the 
information available on the kine tics of the process is often contradictory. 
Thus, to obtain materials with reproducible and pre-determined 
properties, the exact conditions for the formation of the two phases need to 
be ascertained. While there are probably few differences in their intrinsic 
chemical and physical properties, e.g. their decomposition temperatures diffe r 
bJ 160°C (Godfrey, 1969), their crystal morphologies are generally different, 
the a- phase forming initially in an acicular habit. This difference in 
morphology will give rise to variations in the microstructure, and hence 
mechanical properties, of the bulk material according to the proportions of 
each phase present. The presence of impurities or intentional additions may 
influence the basic mechanism of formation and the sintering of the product 
during formation and any subsequent heating or hot-pressing. 
The free energy changes associated \vith the formation of a- and 8-
silicon nitrides have been determined by Colquohoun et al (1972) and are shown 
in Figure 1.4. 2 . These workers have studied the thermodynamics of the 
Si - N - 0 system in detail and have also proposed limiting conditions for the 
formation of pure phases on the basis of their results, However, the 
relative proportions of each phase formed are considerably influenced by 
kinetic, as well as thermodynamic, factors. The general considerations con-
cerning gas-solid reactions have been described in sections 1.5.1. and 4.1. 
In particular, the changes in crystal lattice type and molecular volume 
associated with the formation of silicon nitride, together with any concurrent 
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sintering of the nitride or of silicon, will influence the overall kinetics of 
the process. 
5.2. THE FORMATION OF a- AND 8- SILICON NITRIDES AND THE INFLUENCE 
OF ADDITIVES 
In the direct nitridation of silicon, the proportions of a- and 8-
nitrides formed are influenced by the presence of oxygen. The phase composition 
will be further influenced by the presence of other elements, such as boron or 
hydrogen, which have a greater affinity than silicon for oxygen. Thus, ~n the 
present research the effect of boron additive on the direct nitridation of 
silicon was determined and the products compared with those obtained from the 
nitridation of boron silicides (Section 4.8.). Also, the presence of hydrogen 
in "the nitriding atmosphere has been studied and the direct nitridation of bulk 
silicon monoxide attempted. 
5.2.1. STARTING MATERIALS AND PROCEDURE 
The silicon and boron powders used in this work have been described 
2 -1 in Section ·3.2., their specific surfaces were 2.0 and 11.4 m g respectively. 
The silicon monoxide powder (Cerac Ltd.) was a vacuum deposition grade (purity 
99.99%, -325 mesh, i.e. less than 43 ~m). 
The samples, contained in recrystallised alumina boats, were reacted 
with nitrogen (white spot) or with a nitrogen-hydrogen (90:10) mixture in the 
apparatus described ~n Section 3.2. During the initial stages of the heating 
0 -1 period, carried out at the rate of 10 C min. , the apparatus was continuously 
pumped and alternately flushed with argon and nitrogen; this procedure helps 
1 . · · · · · At 800 - 900°C the n;trogen was ad~;tted to e ~~nate volat~le ~mpur~t~es. L  
and the pressure maintained at slightly above atmospheric throughout. The 
admittance of nitrogen at lower temperatures is thought to form a small amount 
of nitride and prevent sintering of the silicon at higher temperatures 
(Popper and Ruddlesden, 1961). The sintering of silicon powder under argon is 
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· described in Section 5.6. When the required reaction time had elapsed, the 
nitrogen was pumped out and the product cooled under argon, 
5.2.2. RESULTS AND DISCUSSION 
Boron and silicon powders, in various fixed proport ions by weight, 
were thoroughly mixed in a mechanical shaker and separate samples of 
approximately 1 g. were reacted with nitrogen at 1400°C for 40 hours. On 
removal from the furnace, the products were weighed and their phase compositions 
determined by X-ray analysis. The results (Table 5.2.1.) f;how that as the 
percentage of boron additive in the mixture is ~ncreased , the proportion of 
8- silicon nitride in the product also increases. At higher boron con-
centrations , large amounts of boron nitride are formed, which appear to inhibit 
access of nitrogen to the remaining silicon, leaving some unreacted. The 
p'ercentage reactions were calculated on the basis of the separate reaction of 
boron and silicon with nitrogen. 
either 
No ternary compounds were detected following the nitridation of 
these mixtures or the boron silicides (Section 4.8.) in accordance 
with the findings of other workers who reacted BN - Si3N4 mixtures in inert 
~tmosphere (Andreeva et al , 1968; Marchand , 1970). 
In contrast to the above, the reaction of silicon with a nitrogen-
hydrogen mixture (90:10) at various t emperatures for 40 hours, leads to the 
preferential formation of the a- silicon nitride (Table 5.2.2.). The lower 
percentage reaction achieved, as compared to that with silicon and nitrogen 
alone, suggests that a vapour phase reaction may intervene in the presence of 
hydrogen, although whisker growth was not observed. These results are in some 
agreement with those of Parr et al (1961) who reported that production of the 
a- phase can be effected by the reaction of silicon with cracked ammonia at 
1350 - 1450°C (28 h.). Earlier, Ruddlesden and Popper (1958) had reported the 
exact opposite: 
TABLE 5. 2 .1. 
-
REACTANTS 
BN 
Si + 0 % B none 
1 none 
5 none 
10 none 
20 trace 
·• 
40 strong 
60 strong 
80 strong 
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NITRIDATION OF SILICON-BORON MIXTURES 
(1400°C, 40 hours) 
-
PRODUCTS 
a-Si3N4 : 8-Si3N4 Si Si02 
50 50 none none 
40 60 none none 
25 75 none none 
15 85 none none 
trace 'V lOO none none 
trace 'V lOO trace trace 
trace 'V 100 trace trace 
trace 'V lOO trace trace 
% REACTION 
100 
62.25 
61.94 
71.52 
-
56.84 
57.80 
47.63 
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TABLE 5.2.2. REACTION OF SILICON 1HTH NITROGEN-HYDROGEN MIXTURE (90: 10) 
(40 hours) 
PRODUCT 
TEMPERATURE . ' % REACTION 
.. 
oc a-Si 3N4 
. S-Si3N4 Si Si02 . 
1250 "" 100 trace trace none 88.80 
' .. 
1350 "" lOO trace none none 90.27 
1400 95 5 none none 93.31 
1450 65 35 none none 83.06 
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0 The formation of the 8- phase by heating silicon 1n ammonia at· 1500 C (3 days). 
It is important to realise that the a- phase can occur in both whisker 
and granular form. An interesting result was achieved by Marchand (1970), 
who reacted finely divided silica (130 m2g-1) with ammonia and formed 
crystalline a- silicon nitride: 
+ + ------ (1) 
(See also production of the oxynitride by Marchand, Section 1.5.4.). Also, 
Billy and Goursat (1970)reported that decomposition of the ammoniacate 
Si2N2 .NH3 to the amorphous compound SiN at 290°C, followed by heating in argon 
to 1300°C, yields pure crystalline a- silicon nitride. Recently, Guthrie and 
Riley (1972), using semiconductor purity single crystal silicon and highly 
purified nitrogen found that a coherent layer of a- silicon nitride was pro-
duced with the (001) basal plane of the nitride parallel to the (111) plane 
of the silicon. These workers also found that the e- phase is not formed in 
a preferred orientation, thus indicating that the nature of the substrate also 
may be important . 
Several workers have suggested that silicon monoxide, SiO, vapour is 
involved in the formation of a- silicon nitride whiskers (Parr and May, 1967; 
Grievson ~ 2}, 1968a; Godfrey, 1969). Thus, the a- phase is normally produced 
in whisker form by the hydrogen reduction of SiO in the presence of nitrogen 
and solid carbon at l~00°C (Fishwick, 1966). Therefore, in the present work, 
the direct reaction of bulk silicon monoxide with nitrogen has been attempted 
at various temperatures and the results are given in Table 5.2.3. A reaction 
time of 65 hours was used since, for shorter times there was little evidence 
of any reaction. Pure a- silicon nitride whiskers were found on the surface 
of the sample after reaction at 1300°C but not at the lower or higher 
temperatures; weight losses of 10- 11% were observed in these experiments. 
The X-ray analyses indicated that the a- quartz produced by disproportionation 
TABLE 5.2.3. 
I 
TEMPERATURE 
oc 
1200 
; 
1300 
1400 
1450 
1500 
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NITRIDATION OF SOLID SILICON MONOXIDE 
(65 hours) 
' 
PRODUCTS 
.. . . . . . 
mnsKERs BULK 
a- Quartz Silicon 
Pure a- Si3N 4 Silicon (trace) 
a- Quartz (trace) 
None a- Quartz 
None a- Quartz (trace) 
None a- Quartz (trace) 
a- Cristoba1ite (trace) 
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. of the monoxide was a disordered form. 
In normal nitriding experiments using pure nitrogen and three 
different soucres of silicon (B.D.H. Ltd., Halewood Chemicals Ltd., and Cerac 
Ltd.,) the a- silicon nitride content of the product was found to be 45- 65% 
0 (£!· 1400 C, 40 hours). Therefore, with a view to studying both the kinetics 
of the reaction (Section 5.3.) and the variation in a , B content with time, 
samples of the Cerac material were reacted in nitrogen for various fixed times. 
The products were analysed by X-ray diffraction, the top layer of each sample 
being examined separately. The results, Table 5.2.4., show that the a- phase 
is produced first and that a- cristobalite is formed in some cases, especially 
on the surface of the sample. 
5.2.3. PROPOSED EXPLANATION OF RESULTS 
Grieveson et al (1967) have shown that a- silicon nitride is a defect 
structure, containing oxygen, of approximate composition Si11 •5N15o0 •5 • 
However, the oxygen necessary for its formation need not all be supplied from 
the nitriding atmosphere, since silicon surfaces are always covered by an 
inherent oxide layer, Archer (1957) has shown that this layer is at least 
24 R thick at room temperature. Calculations show that the presence of such 
2 -1 
a layer on the silicon employed in the present work (specific surface 2 m g 
average crystallite size 1.3 ~m) would be sufficient to produce 23% of alpha 
(of composition Si11 •5N15o0 •5) even if the nitrogen were entirely free of 
oxygen. Thus, lOO% of alpha could be produced if the oxide layer was a mere 
lOO R (0.01 ~m) thick. 
The reaction of finely-divided boron additive or the boron released 
from the boron silicide lattices (Section 4. 7.) in depressing the formation 
of a- silicon nitride is thought to be due to its greater affinity for oxygen 
compared ~-1ith that of silicon, Thus, boron reacts with the surface silica: 
3 Sio2 + 4B ----~ 
l 
·l 
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'TABLE 5.2.4. VARIATION IN PRODUCT CO~WOSITION WITH TIME 
(SILICON + NITROGEN AT 1350°C) 
PRODUCTS 
TIME % REACTION TOP LAYER BULK. .. .. 
. . . . . . 0 •• . . . ... ... ' .. . .. . . . 
a:B Si Sio2 a:B Si Si02 
15 min 15.5 none vw none vw ( a> B) s none 
30 min 26.69 Trace a w none w (a> B) s none 
1 h. 30.72 Trace a w vw m ( a> B) m none 
.; 2 47.07 70:30 w w 70:30 m none 
5 60.00 45:55 w m 75:25 m none 
20 87.74 50:50 none s 60:40 none vw 
40 99.78 - - - 50:50 none vw 
vw Very weak 
w Weak 
m Medium 
s Strong 
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, and with oxygen present in the vapour phase: 
4 B + 3 o2 
Some of the resultant boric oxide will be lost since this has appreciable 
0 
.volatility above 1000 C. These results are similar to that obtained by 
Popper and Ruddlesden (1961) who heated aluminium and silica (molar 
proportions 4:3) in nitrogen and found a small quantity of exclusively e-
silicon nitride. Conversely, the presence of hydrogen in the nitriding 
atmosphere leads to the preferential formation of a- silicon nitride 
(Table 5.2 . 2.). The initial formation of acicular a- silicon nitride (with 
or without hydrogen being present) probably does occur by a vapour-phase 
reaction involving silicon monoxide, but the production of the granular form 
is not so easily explained. 
Clearly, the hydrogen must influence the oxygen or silicon monoxide 
potential in some way. Kukolev (1971) reports the following reactions: 
1100 - 1300°C 
Sio2 + Si 2 SiO (g) ------- (A) 
reduced pressure 
> l000°C 
Si02 + H2 SiO (g) + H2o ------- (B) 
1330°C 
+ 4H2 SiH4 + ------- (C) 
(or cracked hydrogen at 900°C) 
In the absence of hydrogen, sufficient SiO for whisker growth is produced from 
surface silica via reaction (A) even at normal pressures; if hydrogen is present 
then reaction (B) will provide a further source of SiO. However, the granular 
form of alpha must be produced by diffusion of nitrogen and some oxygen-
containing spe cies into silicon or by diffusion of the oxygen species into 
18 
silicon nitride, since silicon normally only contains some 10 oxygen atoms 
3 per cm (Kaiser et al, 1956). Thompson and Pratt (1967) deduced that there are 
large enough channels present in the alpha lattice to permit diffusion of 
oxygen. 
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At higher temperatures, reaction (C) may predominate together ~~ith 
the direct formation of a silicon hydride from silicon (Barrow ~~d Deutsch, 
1960), leading to a reduction in the amount of alpha formed, a loss of 
material and consequently a lower yield (Table 5.2.2.). Thus, at higher 
temperatures, Cunningham and Davis (1969) formed roughly equal amounts of a-
and 8- silicon nitride fibres from the reaction: 
3 SiO + 4NH3 + + 
In the present work, the production of a- silicon nitride whiskers 
by direct nitridation of bulk silicon monoxide shows that hydrogen is not an 
essential reactant. Also, the reaction only appears to occur in a narrow 
. 0 
temperature range (~. 1300 C) corresponding to a SiO partial pressure of ea. 
am. (Figure 5.2.1.). 
Simple theoretical considerations outlined by Evans (1972) indicate 
that the critical vapour pressure required for whisker growth is much lower than 
that for normal three-dimensional crystal growth: Normal crystal growth can 
occur only when the ratio of the vapour pressure, p, to the equilibrium vapour 
pressure, p , exceeds a critical value. However, whisker growth can occur at 
e 
supersaturation ratios well below (p/pe) critical by means of an axial screw-
dislocation me chanism or a vapour-liquid-solid (V.L.S.) mechanism. 
Gribkov et al (1971) studied the growth of a- silicon nitride 
whiskers from a mixture of silica and silicon in a nitrogen atmosphere con-
taining 1% hydrogen at 1350 - 1480°C. They showed that mullite (3Ai 2o3.2Si02) 
or an admixture of aluminium or iron in silicon must be present in the 
growth zone in order for whiskers to grow. Silicon nitride condenses from the 
gas phase by a V.L.S. mechanism involving drops of Ai - Si or Fe - Si alloys, 
the crystallisation from the drops and the whisker growth proceeding by an 
axial screw-dislocation mechanism. The necessary condition was satisfied in 
the present work since an alumina reaction vessel was employed. 
200 
FIGURE 5.2.1. EQUILIBRIUM PARTIAL PRESSURES OF SILICON AND 
SILICON MONOXIDE 
(After Anti11 and Warburton, 1970) 
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The limiting conditions for the formation of silicon nitrides and 
oxynitride from pure silicon, i.e. pN 10-4 atm.and p = lo-23 atm. at 2 ~ oz 
0 1300 C, put forward by Colquohoun et al (1972) have not found general 
acceptance among other workers. However, in order to reduce the silicon 
activity, the actual experimental work was carried out on an Fe - Si alloy and 
the low oxygen potentials were achieved by using a water-vapour/hydrogen 
mixture ~n equilibrium with a metal/metal oxide mixture. Since the above 
evidence suggests that such conditions (i.e. the presence of iron and 
hydrogen) are the preferred ones for the formation of a- silicon nitride, 
these results may need re-assessment. Also, since the amount of nitride 
product obtained was very small, it ~s possible that the conditions 
determined may be those for whisker growth and not those for normal crystal 
grmvth. 
5.3. KINETICS OF SILICON NITRIDE FORMATION 
In this work the kinetics of the nitridation of silicon powder have 
been studied at two temperatures: 1200° and 1350°C. The starting materials 
and procedure have been described in Section 5.2.1. 
Separate samples of approximately 6 - 7 g. were nitrided for var~ous 
fixed periods of time and the percentage reactions calculated from the 
resultant weight ga~ns. The surface areas of the products were determined by 
the B.E.T. method from nitrogen adsorption isotherms (Section 2.3.) and the 
microstructure of certain samples investigated by electron microscopy. The 
progress of the nitridation reactions were also monitored by X-ray analyses of 
the samples, although for low degrees of conversion to nitride (less than 
~· 25%) the peaks due to the latter are hardly discernible. The variation ~n 
product composition with time for the 1350°C reaction has been described in 
Section 5.2.2. (Table 5.2.4.). 
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5.3.1. RESULTS AND DISCUSSION 
Figure 5. 3.1. (a), (c) and (d) shm-1s the overall variations in 
specific surface and average crystallite size during the nitridation of silicon 
0 
at 1350 C. These are compared with the nitridation rate (b), changes in the 
number of crystallites (e) and average crystallite sizes of the individual 
unchanged silicon and its nitride product (f). Similar data for the partial 
0 
nitridation of silicon at 1200 C are presented in Figure 5.3.2. 
The specific surface progressibely increases during the earlier parts 
of the nitridations, viz. about the first 60% at 1350°C and at least the first 
0 23% at 1200 C. (Figures 5.3.1. (a), (c) and 5.3.2. (a), (c)]. However, there 
is a loss of surface on further nitridation at 1350°C which is ascribed to 
sintering of the product on longer calcination at the higher temperature. 
The initial portion of the rate curve at 1200°C (Figure 5.3.2. (b)] 
is acceleratory, probably corresponding to the formation of product nuclei at 
favourable sites on the surface of the silicon crystallites. The reaction then 
proceeds by an advancing interface mechanism, inwards from the outside of each 
particle, when the curve becomes deceleratory. Ideally, this part of the 
2 
curve should conform to a 13 - order law (Section 4.3.), if the ingress of 
nitrogen through the product layer to the reaction interface is not appreciably 
...L 
impeded. A plot of w3 against time (where w = fraction of initial silicon 
2 
remaining) shows that a /3 - order law is obeyed approximately only in the 
presence of thinner layers of nitride, after which the rate becomes abnormally 
low. 
The deviations from linearity are compared in Figure 5.3.3. at 1200°C 
and also at 1350°C. The nucleation at the higher temperature is more rapid so 
that the corresponding rate curve in Figure 5.3.1. (b) is no longer sigmoidal. 
This indicates that formation of progressively thicker nitride layers around 
the remaining silicon particles is causing appreciable impedence, v1ith the 
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NITRIDATION OF SILICON AT 1350°C 
(a) Change in specific surface 
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NITRIDATION OF SILICON AT 1350°C 
(c) Change in specific and total surfaces 
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NITRIDATION OF SILICON AT 1350°C 
(e) Multiple change in number of crystallites. 
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NITRIDATION OF SILICON AT 1200°C 
(a) Change in specific surface 
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NITRIDATION OF SILICON AT 1200°C 
(c) Change 1n specific and total surfaces 
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(d) Change in average crystallite size of overall product 
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NITRIDATION OF SILICON AT 1200°C 
(e) Multiple change in number of crystallites 
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(f) Average crystallite size of the individual 
unchanged silicon and its nitride product 
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FIGURE 5.3.3. KINETICS OF SILICON NITRIDE FORMATION 
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reaction becoming increasingly diffusion-controlled. Accordingly , there is 
very little change in surface area during· the nucleation period at 1200°C, 
2 -1 . followed by a rapid increase (~doubles from 2.5 to 5.0 m g dur~ng the 
second hour) which can be ascribed to activation caused by crystallites of 
nitride splitting away from the remaining silicon, when the cubic crystal 
lattice of the latter changes to the hexagonal lattices of a- or 8- silicon 
nitride with volume changes of about 20% (Table 1.5.1.). Also, vapourisation 
may occur at any free silicon (or impurity silica) surface, especially at the 
higher temperature, with the vapour phase formation of nitride encouraging 
whisker growth. 
The electron micrographs, Figure 5 . 3. 4. - 5.3 . 7. , show that whiskers 
are formed during the first hour of nitridation at 1350°C , and that growth of 
these is extensive after 5 hours. Since the surface area curve, Figure 5.3.1. 
(a)., possesses a maximum corresponding to a reaction time of 5 hours, this 
indicates that the observed activation ~s probably largely due to whisker 
growth rather than exfoliation of the product layer. 
The nitridation rate then becomes more dependent on the rate of 
nitrogen diffusion through the nitride layer around each remaining silicon 
particle. Hence , the kinetics become approximately parabolic, as found for 
about the firs~ half of the nitridation at 1350°C (Figure 5.3.3.) . When there 
is sufficient nitride of rational crystallite-size composition sintering will 
take place by means of surface and crystal lattice diffusion especially at 
higher temperatures, c.f . Figures 5.3 . 1. (a) and (c) with 5.3. 2. (a) and (c). 
In particular , as the formation of whiskers becomes more extensive some of 
these will come into contact with each other and sinte r appreciably since their 
radii of curvature are very small (Section 1.6 . 1.). As the sintering causes 
coalescence of the particles , the nitride layers around the remaining silicon 
particles are more effectively stabilised and thickened, so that the 
nitridation becomes abnormally slow and mainly dependent on crystal lattice 
diffusion . 
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FIGURE 5.3.4. UNREACTED SILICON POWDER 
MAGNIFICATION: 13,000 x 
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FIGURE 5.3.5. 
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SILICON POWDER NITRIDED AT 1350°C 
FOR 1 HOUR 
MAGNIFICATION: 13,000 x 
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SILICON POWDER NITRIDED AT 1350°C 
FOR 5 HOURS 
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SILICON POWDER NITRIDED AT 1350°C 
FOR 20 HOURS 
MAGNIFICATION: 13,000 x 
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The solid-state changes which occur during the nitridation are 
demonstrated further by comparing the total surface areas, S', of the products 
when lg.- samples of silicon are nitrided. Progressive changes in surface 
area have been calculated to a first approximation on the basis that there 1s 
no sintering of the products, but that they form stable layers around each 
initial silicon particle, (with the nitridation proceeding inwards from the 
outside of each silicon particle by an advancing interface mechanism). 
Since silicon changes its volume by approximately 20% when it forms 
a- or 8- silicon nitride (Table 1.5.1.), the nitridation of~ g. of a lg. 
sample of silicon would cause a proportionate volume change of [(l-x)+l.2x] 
[1 + 0.2x]. If development is approximately the same in each direction, the 
% proportionate change in surface S'/S would be [1 + 0.2x] 3 • The calculated 
values of S' are compared in Figures 5.3.1. (c) and 5.3.2. (c) and Tables 5.3.1. 
and 5.3.2. and are smaller than the experimental values throughout the 
nitridations. 
The changes 1n the number of crystallites, approximately 
(S'EXPT/S'CALC) 3 , as the result of whisker growth and of the products splitting 
off and subsequently sintering at higher temperatures are shown in Figures 
5.3.1. (e) and 5.3.2. (e), maximum increases of about 40- fold being recorded. 
Correspondingly, the overall average crystallite size (equivalent spherical 
diameter) decreases during the earlier stages of the nitridations [Figures 
5.3.1. (d) and 5.3.2. (d)] and increases during sintering in the later stages 
0 
at 1350 C. 
Variations in the average crystallite size of the silicon (assuming 
no appreciable sintering) and the silicon nitride were deduced from the surface 
area data and are shown in Figures 5.3.1. (f) and 5.3.2. (f). These confirm 
the ultimate sintering of the silicon nitride and the larger crystallite sizes 
given during the first part of the nitridation (above the broken line) are 
probably caused by some of the newly-formed nitride not being detached from 
TABLE 5.3.1. NITRIDATION OF SILICON AT 1350°C 
SURFACE X TOTAL SURFACE AREAS AVERAGE TIME , AREA, - 2 MULTIPLE CHANGE IN CRYSTALLITE SIZE OF FRACTION m· NUMBER OF CRYSTALLITES hours OVERALL PRODUCT 2 -1 NITRIDED 
(S'EXPT/S'CALC) 3 m g \liD 
S 'EXPT S'CALC 
0 2. 0 0 2.0 2.0 1 1.29 
1 2 . 4 0.307 2. 89 2 .09 2 .7 0.95 
2 4.3 0.471 5.65 2.14 18.4 0 . 50 
5 5.4 o. 600 7.5 6 2.17 41.8 0 . 39 
20 4 . 2 o. 877 6.65 2.25 26 . 0 0.46 
40 2.4 0.998 4. 00 2 . 28 5.4 o. 79 
TABLE 5.3.2. NITRIPATION OF SILICON AT 1200°C 
TIME, SURFACE TOTAL SURFACE AREAS MULTIPLE CHANGE IN AVERAGE CRYSTALLITE AREA X 2 SIZE OF OVERALL 
- NUMBER OF CRYSTALLITES FRACTION m PRODUCT hours 2 -1 
m g NITRIDED (S'EXPT/S'CALC) 3 \.liD 
S 'EXPT S'CALC 
0 2.0 0 2.0 2.0 1 1.29 
1 2.5 0.056 2.59 2.02 2.1 1.00 
2 5. 0 0.135 5.45 2.04 19.2 0.49 
10 5.8 0.215 6.63 2.06 33.4 0.41 
20 6.0 0.230 6.92 2.07 37.6 o. 39 
I 
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the silicon surface. Also, the minimum value of average crystallite s~ze of 
the product corresponds to the maximum extent of whisker growth as deduced 
from the electron micrographs (Figure 5.3.6., 5 hours nitridation, 60% reaction) 
and the maximum amount of a- silicon nitride in the bulk of the sample as 
detected by X-ray analysis (Table 5 .2.4.). 
The above surface area and average crystallite s~ze measurements 
indicate the general trends in the solid-state changes. Thus, the minimum 
average crystallite size, calculated from surface areas, for the silicon 
nitride is about 0.3 ~m [Figure 5.3.1. (f)]. The surface area of the 
2 
corresponding cube would be 0.54 ~m , approximately equivalent to the surface 
area of a whisker of 0.1 ~m thickness and 1.3 ~mlength (or 0.05 ~m thickness 
and 2.6 ~m length). Whiskers of similar thickness and length are found in the 
electron micrographs of this material (Figures 5.3.5.- 5.3.7.). 
Hence the nitridation of silicon provides an example of a reaction ~n 
which activation is accompanied by sintering. 
219 
5.4. COMPARISON WITH COMMERCIAL SILICON NITRIDE 
X-ray analysis of a commercial sample of silicon nitride (Alfa 
· Inorganics Ltd.) shm.;red that it was of high 8- silicon nitride content (with 
a:S as~· 30:70), The sample also contained a small amount of elemental 
silicon impurity, In contrast X-ray analysis of another commercial sample 
(Advanced Materials Engineering Ltd.) revealed a high a- silicon nitride 
content (with a : S as ea, 95:5); this material contained no unreacted silicon. 
The samples were also subjected to spectroscopic examination by 
means of a Hilger large quartz emission spectrograph. The same impurities, 
in approximately the same concentrations were found in each material, and the 
results are shown be lm.;r: 
tABLE 5.4.1. IMPURITIES PRESENT IN CO~WffiRCIAL SILICON NITRIDE 
Alfa Inorganics Ltd. 
A. H. E. Ltd. 
* Strongly detected 
Others: trace 
* Fe Mg Ca A9.. 
* Fe Hg Ca A9.. 
(ea. 0. 5 %) 
(ea. p.p.m.) 
* * Mn 
* Mn 
The electron micrograph of the alpha-rich sample, Figure 5.4.1., only 
indicates the presence of a small proportion of whiskers. Thus, the a- silicon 
nitride must be present mainly in a granular form. Examination of the 'beta-
rich' sample under the electron microscope (Figure 5.5.1., Section 5.5.) did 
not reveal the presence of any whiskers, indicating that in this case the a-
silicon nitride is present entirely in the granular form. 
5.5. MILLING OF SILICON NITRIDE 
The high temperatures necessary for the production of silicon nitride 
FIGURE 5. 4.1. 
1 IJffi 
220 
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. from the elements will enhance sintering and, therefore, in the absence of 
whisker growth, these materials will have fairly low specific surfaces. Con-
sequently, milling may be required in order to obtain a material which is of 
sufficiently small particle size (i.e. sub-micron) to be hot-pressed to a high 
density, (Section 1.6.2.). In general, the milling will give rise to an 
increase in activity by producing a reduction in crystallite size, a strained 
crystal lattice or both. 
The specific surfaces of the two commercial samples of silicon nitride, 
described in the previous section (5.4.), were determined by the B.E.T. method 
from nitrogen adsorption isotherms (Section 2.3.), and the corresponding 
average crystallite sizes calculated . The specific surface and average 
crystallite size of the 'high beta' sample (Alfa Inorganics Ltd.) was found 
2 -1 
to be 1.7 m g (1.1 ~m) and that of the 'high alpha' sample (A.M.E. Ltd.) 
~ 2 -1 
7.5 m g (0.25 ~m), i.e. the 'high-beta' material would require milling prior 
to hot-pressing. 
Thus, 6g.- samples of this material were dry milled for different 
lengths of time in a porcelain ball mill under standard conditions, i.e. 
constant ratio of sample weight to numbe r and size of porcelain balls. The 
surface areas of the milled samples were determined and these, together with 
corresponding yalues of average crystallite size, are shown in Figure 5.5.1 . 
2 -1 After 10 hours milling , the specific surface r~ses from 1. 7 to 8.0 m g (change 
2 -1 in surface, ~S = 6.3 m g ). This indicates that the nitriding of silicon 
produces a material which is more resistant to milling, the corresponding 
2 -1 
change for 10 hours milling of elemental silicon being 2.0 to 17.7 m g 
2 -1 (~S = 15.7 m g ), but not so resistant as the borided material (2.7 to 
2 -1 2 -1 5.3 m g ~S = 2.6 m g ). [c.£. Figures 3.6.1. and 3.6.8.]. Reference to 
the values of microhardness given in Table 1.2.5. shows that silicon nitride is, 
in general, harder than the boron silicides. Thus, the higher resistance to 
milling of the latter indicates that these are 'tougher' materials. The 
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CHANGES IN SPECIFIC SURFACE (S) AND AVERAGE CRYSTALLITE 
SIZE ( t ) OF SILICON NITRIDE MILLED FOR VARIOUS LENGTHS 
OF TIME 
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FIGURE 5.5.2. DEVELOP~1ENT OF STRAIN DURING THE MILLING OF 
SILICON NITRIDE 
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general variations in particle and aggregate s~zes which occur during the 
milling are illustrated ~n the electron mi~rographs, Figure 5.5.3. - 5.5.6. 
The milled samples exhibited X-ray line-broadening and this was 
attributed to the developmen t of lattice strain since the intrinsic broadening 
due to small particle size is only appreciable in the range 0.01- 0.1 ~m 
(Section 2 .1.3.). The observed line breadths were corrected forK doublet 
a 
broadening (Section 2.1.6.), and the lattice strain calculated on the 
assumption that the corrected breadth for the unmilled sample could be 
attributed to instrument factors. The results are shown in Figure 5.5.2. for 
a given reflexion from each of the a- and B- silicon nitride components of the 
sample; the magnitude of the strain is similar to that found for the hexaboron 
silicide (c.f. Figure 3.6 . 2.). 
5~6. THE SINTERING OF SILICON NITRIDE AND OF ELE}ffiNTAL SILICON 
Separate samples of both the commercial silicon nitride materials, 
described above in Section 5.4., were sintered under argon at a series of 
temperatures. The effect on the sintering behaviour of a 10% by weight 
additive of iron was also studied, 
Aliquots of approximately 6g., contained in recrystallised alumina 
boats, were plqced in the tube furnace described in Section 2.5., and heated at 
temperatures in the range 1100 - l400°C for a fixed period of 5 hours. The 
specific surface areas of the calcined samples were determined by the B. E.T. 
method from nitrogen adsorption isotherms (Section 2.3.) and the results are 
shown in Figure 5 . 6.1.; the observed weight changes are given in Table 5.6.1. 
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FIGURE 5.5.4. SILICON NITRIDE BALL-MILLED FOR 2 HOURS 
MAGNIFICATION: 12.000 x 
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FIGURE 5.5.5, SILICON NITRIDE BALL-MILLED FOR 5 HOURS 
MAGNIFICATION: 12,000 x 
1 lJID 
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FIGURE 5.5.6. SILICON NITRIDE BALL-MILLED FOR 10 HOURS 
MAGNIFICATION: 12,000 x 
1 lJm 
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FIGURE 5o 6 o 1. CHANGE OF SURFACE AREA ON HEATING SILICON NITRIDE IN 
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TABLE 5 , 6 , 1. SINTERING OF SILICON NITRIDE UNDER ARGON 
'ALPHA-iUCH' SAHPLE (A. M. E. LHITTED) 
WEIGHT CHANGE 
TEMPERATURE 
oc 
Si3N4 ~i3N4 + Fe 
. . . . . . . . . . . . . . ••• • ••• • • 0 ••••••••• ••• • 
1100 
- 0.066% - 0,15% 
1300 - 0.28% - 1.70% 
1400 - 1.13% - 1.71% 
'BETA-RICH' SAMPLE (ALFA_INORGANICS LIMITED) 
1100 + 0.78% + 0.61% 
1300 + 0.37% + 0.60% 
.. 
1400 - 0,87% - 0.80% 
The loss in surface of the 'alpha-rich' sample can be attributed to 
enhanced sintering due to its low average crystallite size (0.25 ~m). The 
surface area values obtained with the iron additive were corrected to the 
equivalent values for lg. of nitride (dotted line) assuming a negligible 
surface for the ' iron; the relatively greater loss of surface obtained at 1300°C 
may be due to the formation of an Fe - Si eutectic. The small weight l osses 
observed (Table 5.6.1.) are probably due to volatilisation, the vapour pressure 
of Si3N4 is 2.80 x 10-
5 
atm. at 1327°C (Samsonov, 1964, p. 123). 
2 -1 The small amount of activation ea. 1 m g observed for the 'beta- rich' 
sample is ascribed to expansion and crystallite splitting caused by oxidation 
of small amounts of internal (un-nitrided) silicon (detected in the X-ray 
analysis, Section 5.4.). The small amount of necessary oxygen may have been 
present as an impurity in the argon atmosphere or in the a- nitride present 
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(c.f. sintering of amorphous boron in argon, Section 3.3.). This would also 
help to explain the observed weight gains (Table 5.6.1.). 
In general, the addition of iron does not appear to significantly 
assist the sintering of silicon nitride and globules of iron could sometimes 
be observed on the surface of the samples sugges ting that the metal does not 
wet the nitride. 
In order to establish that the silicon employed in the nitridation 
studies did not sinter a t temperatures below approximately 800 - 900°C (see 
Section 5.2.1.), samples of the material were calcined under argon to various 
0 -1 temperatures, at the rate of 10 C min. , and then cooled (i.e. not held at 
temperature ). The r esultant variation in surface area, Figure 5.6.~., shows 
that silicon only sinters at temperatures above 1100°C (i.e. 80% of melting 
point inK). 
5.7. HOT-PRESSING OF SILICON NITRIDE 
Deeley et al (1961) showed that silicon nitride could be hot-pressed 
to high densities by the use of additives, preferably magnesia. The alpha form 
1s prefered fo r hot-pressing (Lumby and Coe, 1970) and undergoes a transfo rma t ion 
to the beta form during the process. The observation that the use of magnesia 
leads to a reduction 1n the high t emperature strength (Lloyd, 1969) has been 
explained by Wild~ al (1970): The magnesia first reacts with surface silica 
to form forsterite folluwed by reaction of the latter with ~- silicon nitride 
at higher t emperatures to form enstatite; the vitreous silicate phase produced 
softens at high t emperatures with a consequent loss of strength. 
The present work on the preparation of silicon nitride has shown that 
the presence of boron additive influences the proportions of ~- and 8- nitrides 
formed. Therefore, a study of the influence of boron on the hot-pressing 
behaviour of silicon nitride has been attempted. The 'high~alpha' and 'high-
be ta' materials described in Section 5.4. (Specific surfaces, S = 7.5 and 
J 
• 
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1. 7 m2g-l respectively) were ball-milled for a fixed period of 5 hours, with 
and without the following additives: 
2 -1 Hagnesium oxide (S = 20 m g ), Calcium oxide (S 2 -1 4. 9 m g ) and 
2 -1 
amorphous boron (S = 11.4 m g ). 
The magnesium and calcium oxides ••ere prepared by decomposition of their 
0 hydroxides at 1000 C (Glasson, 1963). 
The samples were placed in a graphite die set with ! inch diameter 
pistons, the interior of which had been dusted with boron nitride. The die set 
was then placed in the apparatus described in Section 2.6., and the pressure 
sintering was carried out at various temperatures under a pressure of 
4.35 x 107 Nm-2 (2.8 ton f in-2) for 5 minutes. On removal from the die set 
all the samples were found to be of lmv mechanical strength. However, the phase 
composition of the specimen interiors \vere examined by X-ray analysis and the 
results are given ~n Table 5. 7.1. In general, both the commercial materials 
showed evidence of the conversion of a- into S- silicon nitride with and without 
the additives. Also, the impurity elemental silicon in the 'high-beta' material 
disappeared in the presence of additives. 
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TABLE 5, 7, 1. HOT-PRESSING OF SILICON NITRIDE 
' 
COMPOS IT ION TEMPERATURE PRODUCTS 
oc (all trace amounts) 
'HIGH-BETA' Si 3N4 1800 none 
'HIGH-BETA' + Sw I oMgO 1350 Forsterite, Mg2sio4 
1650 Enstatite, MgSi04 
'HIGH-BETA' + 5 w I oMgO+S w I oB 1650 Enstatite 
; 
'HIGH-BETA' + sw1o CaO 1650 none 
w w 
'HIGH-BETA' + 5 I o Ca0+5 /oB 1650 none 
w 
'HIGH-BETA' + 5 I o Cu 1200 none 
1400 
'HIGH-ALPHA' Si3N4 1800 none 
'HIGH-ALPHA '+5w/oMgO 1350 Enstatite 
w w 
'HIGH-ALPHA'+5 /oMgO+S /oB 1350 Enstatite 
w 
'HIGH-ALPHA'+5 /o CaO 1350 Wo11astonite, CaSi03 
w w 'HIGH~ALPHA'+5 1oca0+5 /oB 1350 Wollastonite 
w 
'HIGH-ALPHA'+5 /o Cu 1300 Cu3N 
VI OXIDATION OF SILICON NITRIDE AND OF ELEMENTAL SILICON 
6.1. INTRODUCTION 
The previous work on the oxidation of silicon and its nitride have 
been outlined in Section 1.7. The normal oxidation product is some variety 
of silica. However, at low partial pressures of oxidant , high corrosion rates 
may be observed due to the formation of gaseous silicon monoxide. The free 
energy change for the formation of silica is given in Figure 1 . 4.1., and can be 
seen to be negative over a large range of temperature. 
Thus , the oxidation reaction is thermodynamically feasible but as 
both solid reactants and products are involved, kinetic considerations would 
be expected to exert the greater influence on the course of the reaction. The 
actual oxidation behaviour observed will be mainly determined by: 
(i) The difference in molecular volume and crystal lattice 
types of the reactants and their oxide products leading 
to splitting of product crystallites (Tab le 1. 7.1.). 
(ii) The t emperature and time of heating leading to surface 
and lattice diffusion and consequent sintering of products. 
(iii) Impedence caused by formation of stable product layers 
around reactant particles . 
(iv) The temperature and time of heating governing the extent 
of possible diffusion of oxygen into the solids (and 
nitrogen out of the nitride lattice) . 
Thus, (i) increases rate, (ii) and (iii) decrease rate and (iv) increases rate 
with increase in temperature. 
6.2. STARTING MATERIALS AND PROCEDURE 
The chemical composition of the commercial silicon nitrides examined 
in this work have been described in Section 5 . 4. The 'high-alpha' ma terial 
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(a:S as 95 : 5) (Advanced Materials Engineering Limited) had a specific surface 
2 -1 
of 7.5 m g and the ' high- beta' material (a: S as 30:70) (Alfa Inorganics 
2 - 1 Limited), a specific surface of 1. 7 m g • The elemental silicon (Cerac 
Limited), whose composition ,.,as described in Section 3.2. , had a specific 
2 -1 
surface of 2 . 0 m g • 
The silicon and the two silicon nitrides have been calcined in ambient 
air atmosphere under isotherma l conditions at temperatures in the range 1000-
13000C. Samples of approximately lg. were accurately weight into a small 
porcelain crucible and placed in the thermogravimetric balance described in 
Section 2.4.1 . ; generally the total reaction time was 7 days. For the surface 
area studies large samp les of 6 - lOg. ,.,ere employed and these were calcined 
~n a Griffin muffle furnace . The resultant wei gh t changes with time Here 
noted and the oxidised samples retained for X-ray analysis . 
6 . 3. PHASE COMPOSITION OF OXIDATION PRODUCTS 
The silicon samples remained in powder form even after prolonged 
heating ,.,ith the exception of the 1200°C sample \vhich formed a solid compact , 
i.e. the products sintered, X-ray examination of samples calcined at 1000°C 
and 1050°C did not reveal the presence of any silica, although the observed 
weight changes indicated that 30 - 357. of the materials had been oxidised . 
This suggests the formation of amorphous or vitreous silica . However , 
0 
examination of a sample calcined at 1100 C showed the presence of a- quartz 
plus a trace of a- cristobalite. Calcination at 1200°C resulted in the 
formation of a- cristobalite alone . 
Similarly, at the lower temperatures , the silicon nitrides remained 
~n powder form but at higher temperatures (e . g . 1200°C) the powder tends to 
form into a compact which is, however, friable enough to be broken by hand. 
The smaller particle size of the 'high-alpha ' sample resulted in slightly 
more extensive sintering at any given temperature . X-ray examination of 
0 
'high-alpha' samples which had been calcined at 1000 and ll00°C reveale d the 
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TABLE 6 . 3. 1. OXIDATION PRODUCTS OF SILICON AND SILICON NITRIDE 
' 
TEHI'ERATURE PHASES DETE CTED 
REACTANT 
oc 
Si3N4 SILICON ex- QUARTZ ex- CRIST. 
1000 - s none none 
SILICON 1100 - s m w 
1200 - m none v.s. 
1000 ,.;r none w v.w. 
' HIGH- ex' 
1100 none none m m 
Si3N4 
1200 none V • '" • none v.s. 
1000 v.s. m none none 
' HIGH-S ' 
1100 v. s. m none none 
Si3N4 
1200 m v.w. none v.s. 
v,,oJ, very weak 
w weak 
m me dium 
s = strong 
V, S, very strong 
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0 presence of both a- quartz and a- cristobalite and at 1200 C, a- cristobalite 
alone was formed . Examination of the calcined 'high- beta' samples did not 
indicate the formation of a- quartz at any. of the temper atures employed. 
However, the ma1.n a- quartz line (3. 34 ~, I /I = lOO) ~~ould be masked by the 
0 
3.31 R line (I/I = 85) of the a-silicon nitride and the weaker a- quartz 
0 
lines are much lm~er in intensity and therefore not easily discerned. These 
results are summarised in Table 6.3.1 . 
0 At the temperatures employed (i . e. above 1000 C) amorphous or vitreous 
si l ica can be transformed into cristobalite (E i tel, 1965 ; Dumbaugh and 
Schultz , 1969) and quartz can be converted into cristobalite at approximately 
0 
1050 C (Section 1 . 7.) . Thus, amorphous silica or cristobalite are the most 
frequently observed oxidation products although Horton (1969) claimed the 
formation of tridymite from silicon nitride at temperatures above 1125°C. 
6 , 4. SOLID-STATE MECHANISH OF SILICON NITRIDE OXIDATION 
Samples of the 'high- alpha' and ' high- beta' silicon nitrides were 
oxidised in air at 1100°C and the surface areas of the products determined by 
the B. E. T. method from nitrogen adsorption isotherms (Section 2 . 3.). 
Figure 6 . 4. 1 . (a)., shows the overall variations 1.n specific surface, 
S, during the oxidations, of which the rates are shown in Figure 6.4 . 1. (b). 
There are considerable increases in molecular volume (typically 0 . 76 of the 
original volume, Table 1 . 7.1 . ), accompanying the crystal lattice changes , yet 
the specific surface of the material initially decreases . This indicates that 
the loss of surface due to sintering is predominating over any surface increases 
caused by possible splitting away of silica crystallites from the remaining 
nitrides . Any additional spalling at the nitride-oxide i nterface when the 
samples ~~ere cooled for surface area de termination was negligible by comparison, 
since the reheated samples proceeded to give oxidation rates similar to those 
of samples ~~hich had been continuously heated. 
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OXIDATION OF SILICON NITRIDES AT 1100°C 
(a) CHANGE IN SPECIFIC AND TOTAL SURFACES 
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OXIDATION OF SILICON NITRIDES AT ll00°C 
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KINETICS OF SILICON NITRIDE OXIDATION AT 1100°C 
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This overall loss of surface is demonstrated further by comparing 
the total surface areas, S', of the products when lg. samples of silicon 
nitride are oxidised (Figure 6.4.1. (a)]. Progressive changes in surface area 
have been calculated on the basis that there is no sintering of the products, 
but that they form stable layers around each initial silicon nitride particle, 
with the oxidation proceeding inwards from the outside of each nitride particle 
by an advancing interface mechanism. 
Since silicon nitride typically changes its volume by 1.76- fold when 
it fonns silica, the oxidation of~ g of a lg. sample of nitride would cause a 
proportionate volume change of [ (1-x) + 1. 76x] = [1 + 0. 76x]. If development 
is approximately the same 
surface S'/S, would be [1 
in each direction, the proportionate change in 
2/3 
+ 0.76x] The calculated values forS ' are 
compared in Figure 6.4.1. (a)., and are correspondingly larger than the 
experimental values , indicating sintering especially for the oxidation of the 
'high-alpha' material . 
The multiple changes 111 the number of crystallites, approximately 
(S' EXPT/S 'CALC) 3 are shmm in Figure 6.4 .1. (c) where they are compared v7ith the 
overall average crystallite sizes of the samples (See also Table 6.4.1.). The 
decreases in the number of crystallites and the . corresponding increases 1n the 
average crystal~ite sizes confirm sintering throughout the oxidations . 
As the sintering 1s enhanced by increase in t emperature , it is not so 
extensive at 1100°C than that found for the 'high-beta ' nitride oxidation at 
1200°C (Coles et al, 1969) on the same sample where the specific surface fa lls 
2 -1 from 1. 7 to belm.; 0 . 3 m g when one-third of the material has been oxidised 
in 20 hours. Even at 1100°C, the newly-formed silica (m.p. 1720°C) can act as 
a mineraliser to promote sintering, since it is well above its Tammann 
t emperature (h a l f m.p . in K) of 720°C. Thus , when a sample of 'high- alpha ' 
silicon nitride is sintered in argon for 5 hours at 1100°C (See Figure 5.6.1.) 
2 -1 
the specific s urface only decreases from 7.5 to 5 .8 m g , compared with a 
TABLE 6. 4. 1. - OXIDATION OF SILICON NITRIDES IN AIR AT 1100°C 
Total surface Hul tiple change Oxidation Fraction Specific 2 in number of time, 
oxidised, surface areas m crystallites hours X 2 -1 
- (SI EXPT /SI CALC) 3 s, m g 
s 'EXPT sI CALC 
'HIGH-ALPHA' SILICON NITRIDE 
0 0 7.5 7.5 7.5 1 
5 0.238 3.7 3.9 8.4 0.103 
20 0.381 3.2 3.5 8.9 0.064 
'HIGH-BETA' SILICON NITRIDE 
0 0 1.7 1.7 1.7 1 
5 0.100 1.6 1.6 1. 8 o. 77 
20 0.170 1.3 1.4 1.9 0.40 
Number of 
initial 
nitride 
crys tallites 
per crystallite 
of pr oduct 
1 
9.7 
15.7 
1 
1.3 
2.5 
Average .. 
crystallite 
size of 
product 
lJm 
0 .25 
0 .57 
0.69 
1.1 
1.2 
1.6 
N 
~ 
w 
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larger decrease to 3. 7 m2g-l [Figure 6.4.1. (a)] when it 1s oxirlised in a1r for 
the same length of time. 
Consequently, the rates decrease considerably for both nitride 
materials [Figure 6.4.1. (b)] as the oxidations become increasingly controlled by 
2 
solid-state diffusion. Accordingly, the kinetics indicate 13- order reactions 
impeded by products, becoming even slm-1er than predicted by parabolic equations 
(Figure 6.4.2.) when the nitride particles become coated with silica layers 
\vhich merge with those on adjoining particles as the sintering proceeds. 
According to Goursat et al (1972), these processes are assisted by the volume 
1ncreases given by the oxidation products, tending to fill the voids bet\veen the 
nitride particles. Hence, the particles tend to bond together and shrink, as 
shown by the electron micrographs of the 'high-beta ' silicon nitride calcined 
in air at 1100°C (Figures 6 . 4.3 . and 6.4.4.). Thus, the silica forms a stable 
coating on the nitride, thereby inhibiting further oxidation. 
The electron diffraction pattern of S- silicon nitride shown in 
Figure 6 . 4. 5. ,.,as obtained from a favourable aggregate of fine particles . How-
ever , no such diffraction pattern could be obtained from samples oxidised for a 
short period of time (2.5 hours) indicating that th e smal ler crys tallites soon 
become oxidised and bonded to the larger particles (Figure 6 . 4.3 . ). 
FIGURE 6.4.3. 
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SILICON NITRIDE ('HIGH-BETA') CALCINED IN AIR 
AT 1100°C FOR 1 WEEK 
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6.5. OXIDATION KINETICS OF SILICON NITRIDE AND ELE~lliNTAL SILICON 
The mineralising action of silica is illustrated further by corn-
paring the oxidation of elemental silicon with that of 'high-alpha' and 
0 
'high-beta ' silicon nitrides at temperatures above and below 1100 C. The 
oxidation isotherms for these materials , obtained over periods of about 1 week, 
are shown in Figur~6.5.1. - 6.5.3. These indicate that although the initial 
rate of reaction is rapid at the higher temperatures it subsequently becomes 
much slower due to the impeding effect of the product layers. 
At any given t emperature the silicon, which initially has a similar 
surface area to that of the 'high-beta' nitride , undergoes a more rapid 
reaction than the latter indicating that an increase in refractoriness has 
been achieved by the nitridation. Also, with the temperatures and times 
employed , the silicon as well as its oxide, will sinter. Consequently, the 
crystallites of silicon become more rounded (Figure 6.5.4.) as compared to 
those of the nitride (Fi gure 6.4.4.). 
Kikuchi lines (Figure 6.5.5.) could be obtained from unreacted silicon 
specimens when the edges of the crystallites were observed to be sufficiently 
translucent to electrons (Figure 6 .5. 6.). This is an interference effect 
obtained from relative ly thick crystal regions (up to ea. 0.1 ~m) and is 
indicative of a highly perfec t crystal lattice. However, the effect could 
not be obtained from calcined silicon samples even after very short exposures 
(ea . 1 hour), suggesting that oxidation takes place preferentially at these 
sharp edges. 
2; 
The rates generally correspond to impeded 3- order reactions 
especially at the higher temperatures (Figures 6 . 5 .7. - 6.5.9.). Only at 
the lower t emperatures do the rates ren1ain parabolic for any appreciable time 
or range of oxidation. Usually, the rates are slower than those corresponding 
to a parabolic law as shown by the direction of curvature of the parabolic 
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SILICON CALCINED IN AIR AT 1000°C 
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FIGURE 6.5.5. KIKUCHI LINES FROM SILICON 
FIGURE 6.5.6. 
1 ~m 
254 
SILICON CRYSTALS RESPONSIBLE FOR KIKUCHI 
LINES IN FIGURE - 6.5.5. 
MAGNIFICATION: 12,000 x 
1.0 
1 
3 
w 
0.95 
0 . 90 
o. 85 
0 . 80 
2000 
1500 
1000 
500 
255 
FIGURE 6.5.7. OXIDATION KINETICS OF SILICON 
2/ 
3 - ORDER PLOTS 
50 100 150 
PARABOLIC PLOTS 
50 lOO 150 
TIME (HOURS) 
200 
r---
200 
1 
3 
w 
1.0 
0.9 
0.8 
o. 7 
0.6 
0.5 
8000 
6000 
4000 
2000 
FIGURE 6. 5. 8. 
50 
50 
256 
OXIDATION KINETICS OF 'HIGH-ALPHA ' 
SILICON NITRIDE 
2 
/3- ORDER PLOTS 
100 150 200 
PARABOLIC PLOTS 
lOO 150 200 
TIME (HOURS) 
1 
3 
w 
1.0 
0.9 
0.8 
o. 7 
0.6 
6000 
FIGURE 6.5.9. 
50 
x
2 
x 104 
5000 
4000 
3000 
2000 
1000 
50 
257 
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plots in Figures 6.5.7. - 6.5 . 9. This again indicates effective thickening 
of the silica product layers by coalescence of the particles through 
sintering , enhanced at the higher temperatures. 
The effect of milling on the reactivities of the materials at a 
given temperature is shown in Figure 6.5 . 10. The samples investigated were 
those described in Section 3 . 6. and 5.5. As for hexaboron silicide (Section 
4. 3.), the observed increase in reactivities may be ascribed to both a decrease 
1n particle size and an increase in lattice strain in the individual 
crystallites . The total amount of reaction observed for the 10 hour milled 
silicon sample is reduced relative to that of the 2- and 5- hour samples. 
This is probably due to an increased packing efficiency of the particles 
resulting in reduced access of oxygen to the sample interior. A similar 
effect may be observed in the silicon nitride isotherms . 
6.6. DISCUSSION 
Silicon and its nitride are similar in their oxidation behaviour at 
0 temperatures between 1000 and 1200 C. However , the sintering of silicon at 
these temperatures makes the element itself unsuitable for high temperature 
engineering applications. It is difficult to compare the intrinsic reactivities 
of the a- and s- nitrides since the samp l es employed v7ere of greatly different 
surface areas. 
"The oxide products rema1n protective even though phase transformations 
of both amorphous silica and quartz into cristobalite can take place. However, 
the 1050°C silicon isotherm (Figure 6 . 5 .1.) shmv-s an enhanced reactivity 
relative to the 1100°C isotherm which may be due to the .quartz- cristobalite 
transformation . In contrast to the oxidation of boron silicides (Section 4.6.), 
where vitreous boric oxide is involved , these silica transformations can take 
place freely , although they may be promoted by the mineralising action of trace 
i mpurities . 
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OXIDATION OF MILLED SILICON AND SILICON 
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VII CONCLUDING SUMMARY 
7.1. PRODUCTION AND SINTERING OF BORON SILICIDES 
Boron silicides, B4si and B6Si, have been produced by calcining 
mixtures of finely divided boron and silicon in argon at different temperatures 
and information obtained regarding the process mechanism. This work has 
indicated the great importance of using an intimate stoichiometric mixture of 
boron and silicon, in which both components should be of small and preferably 
similar particle size. This should give products more homogeneous in com-
position and reduce reaction time s . The latter point is particularly 
important for preparing tetraboron silicide because its thermal stability is 
lower than that of hexaboron silicide . Thus, there are optimtun reaction times 
for the formation of B4Si , before it disproportionates on longer heating into 
B6Si and silicon. The shorter reaction times also reduce sintering of the 
products, although this is probably limited to surface diffusion and 
evaporation-condensation mechanisms due to their covalent structures. 
In the production of boron silicides from the elements, boron diffuses 
into the silicon lattice until the solubility limit is exceeded when the 
Si - Si bonds are ruptured and eventually B12 icosahedral tmits are formed. 
The icosahedra ~n B4Si contain silicon (possibly B11si. Si - B- Si by 
analogy with B4c) but those in B6Si do not. In the transition from B4Si to 
B6Si, removal of the silicon produces an unstable rhombohedral phase of 
composition B12si3 - B12si2 which undergoes a phase transition to the more 
complex, less symmetrical orthorhombic form of greater stability for the 
composition B12si2 • In this transformation, the rhombohedral B4Si with 
corresponding hexagonal constant 
a 
0 
6.3 R c 
0 
12.7 R 
~s converted to the orthorhombic B6si lattice with constants 
a 
0 
14.39 R 
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b = 18.27 R 
0 
c 
0 
9.88 R 
The (0001) c- axis spacing of B4Si doubled to 25.4 R becomes the (111) spacing 
of B6Si (25.3 R). This is analogous to the calcite aragonite transformation. 
7.2. OXIDATION AND NITRIDATION OF BORON SILICIDES 
Boron silicides oxidise in a1r at temperatures between 500 and 1100°C. 
From weight changes it 1s inferred that both the boron and silicon undergo 
oxidation; at some of the lower temperatures, the reaction goes almost to 
theoretical completion, e.g. in the oxidation of B4Si at 700°C, the weight 
gain over ·7 days represents nearly 90% conversion to boric oxide, B2o3 , and 
silica, Sio2 • 
The absence of an X-ray diffraction pattern for the boric oxide was 
expected since this substance is one of the most difficult to crystallise 
and usually forms a glass. The silica produced is also amorphous to X-rays 
although some quartz was produced with larger amounts being detected at the 
lower temperatures. The excess of boric oxide over the silica produced 
evidently causes vitrification of the amorphous silica before it can 
crystallise into cristobalite and also prevents the quartz-cristobalite 
transformation by converting the quartz directly into glass at higher 
temperatures. 
Oxidation of B6Si and B4Si would produce glasses of composition 
3B2o3 , Si02 and 2B2o3 , Si02 having liquidus temperatures of 640° and 690°C. 
Thus, above 700°C, a liquid phase is formed on the outside of the boron 
si1icide particles , progressively retarding the oxidation (with increasing 
time and temperature) which becomes controlled by oxygen diffusion through 
the viscous product layer. 1bere is further retardation by the mineralising 
action of the product layer promoting sintering of the material. This is 
evidenced further by considerable decreases in surface area and increases in 
crystallite and aggregate sizes during the oxidations. Therefore, boron 
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silicides may be used only in an oxidising environment at lower temperatures 
(500 - 800°C) without severe degradation ·occurring if they have been first 
subjected to oxidation at higher temperatures (ea. l000°C) in order to form 
a protective coating . 
Nitrogen reacts extensively with both of the boron silicides at 
high temperatures (1300 - 1450°C) especially in the presence of hydrogen. 
This provides new methods of producing boron and silicon nitrides, compared 
with the more conventional methods of direct nitridation of the elements , but 
their application has yet to be evaluated. The presence of boron appears to 
exert some influence on the relative proportions of a- and 8- si licon nitrides 
formed. 
7.3. PRODUCTION AND SINTERING OF SILICON NITRIDE 
0 In the nitridation of silicon at 1400 C, the proportion of 8- silicon 
nitride formed 1ncreases with more boron additive. At higher boron 
concentrations, large amounts of boron nitride are formed, which appear to 
inhibit access of nitrogen to the remaining silicon , leaving some unreacted. 
By contrast, the reaction of silicon with a nitrogen-hydrogen mixture (90:10) 
at temperatures between 1250° and 1450°C, l eads to the preferential formation 
of a- silicon nitride. The lower percentage reaction achieved, as compared 
to that with silicon and nitrogen alone , suggests that a vapour phase reaction 
may intervene in the presence of hydrogen, although whisker growth was not 
observed. Pure a- silicon nitride whiskers were obtained on the surface of 
0 
silicon monoxide heated with nitrogen for 65 hours a t 1300 C, but not at lower 
(1200°C) or higher (up to 1500°C) temperatures. 
In normal nitriding experiments using pure nitrogen and commercial 
samples of silicon, the a- silicon nitride content of the products ranged 
0 between 45- 65% (~. 1400 C, 40 hours). The a- phase is mainly produced 
initially and traces of a- cristobalite are formed in some cases . This is 
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believed to originate from the oxygen in the inherent oxide layers on the 
silicon surfaces which would be sufficient to produce 100% a- nitride of 
formula si11•5 N15 o0 •5 if the oxide layers were only about lOO R (0.01 ~m) 
thick. The reaction of finely divided boron additive or the boron released 
from the boron silicide lattices (as in 7. 2.) in depressing the formation 
of a- silicon nitride is thought to be due to its greater affinity for 
oxygen compared with that of silicon . The kinetics and solid-state mechanism 
for the nitridation of silicon indicate activiation accompanied by sintering, 
the latter process ultimately predominating. The activation is ascribed to 
initiation of the reaction by surface nucleation followed by crystallites of 
nitride splitting a\'lay from the remaining silicon when the cubic crystal 
lattice of the latter change to the hexagonal lattices of a- and 8- silicon 
nitride \'lith volume changes of about 20%. Also, vapourisation may occur at 
any free silicon (or i mpurity silica) surface, especially at the higher 
temperature (1350° as compared with 1200°C), with the vapour phase formation 
of nitride encouraging whisker growth. 
The high temperatures required for production of silicon nitride 
from the elements enhance sintering. Thus, in the absence of whisker grm'lth, 
these materials have fairly low specific surfaces and may require milling to 
a submicron particle size range before they can be hot-pressed to a high 
density. Generally , the milling strained the crystal lattice and caused some 
X-ray line-broadening, additional to that caused by reduction in crysta llite 
size . The b oron silicides were more resistant to milling than si l icon 
nitride. 
Both elemental silicon and si licon nitrides sinter appreciably at 
0 t emperatures above 1100 C. In experiments at temperatures between 1100 and 
1400°C, addition of 10% iron did not significantly accelerate the sintering 
of a- or 8- silicon nitrides. 
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7.4. OXIDATION OF SILICON NITRIDE AND ELE~ffiNTAL SILICON 
Both a- and S- forms of silicon nitride oxidise in air at 1000 - 1300°C 
giving silica which ~s mainly amorphous with some a- quartz at the lower 
temperatures viz., 1000° - 1050°C, and mainly a- cristobalite at the higher 
temperatures. 
There are considerable increases in molecular volume accompanying 
the crystal lattice changes during the oxidations, yet the surface area of 
the material progressively decreases, indicating that loss of surface due 
. to sintering is predominating over any surface increases caused by possible 
splitting a~-lay of silica crystallites from the remaining nitrides. The newly-
formed silica can act as a mineraliser, since it is well above its Tammann 
0 temperature (720 C). Consequently, the oxidations are considerably retarded 
and become increasingly controlled by solid-state diffusion. The nitride 
particles become coated with silica layers which merge with those on 
adjoining particles as sintering proceeds. These processes are assisted 
by the volume increases given by the oxidation products tending to fill the 
voids between the nitride particles. Hence, the products tend to bond to-
gether and shrink, as shmm by electron-micrographs. The mineralising action 
of the silica is illustrated further by comparison with the oxidation of 
silicon and also milled silicon nitrides at similar temperatures. 
7.5. FURTHER RESEARCH AND DEVELOPMENT 
Improvements in the production of boron silicides could be achieved 
if more complete particle size analysis data were available for the initial 
components. This would enable rational crystallite-size compositions to be 
determined for giving more homogeneous products with better crys talli.ni ty, 
electrical properties, mechanical strength and resistance to oxidation or 
reaction \·lith commoner chemical reagents. Optimum reaction times and 
temperatures for the production of tetraboron silicide, B4Si could be 
ascertained more closely. 
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The product mixtures from the nitridation of boron silicides or 
of silicon with boron additives could be investigated further with regard 
to fabrica tion, as compared with boron and silicon nitrides separately, e.g. 
hot-pressing to commercially-viable density with suitable physical and 
chemical properties. 
More accurate determination of the crystal structures of the granular 
and whisker forms of a- silicon nitride may provide more information on the 
disposition of defects and the consequent incorporation of oxygen atoms within 
their crystal structures . 
(x) 
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LA NITRURATION DES SILICIURES DE BORE B4Si et B6Si ET DES MELANGES DE 
BORE ET DE SILICIUM. 
par 
B. BROCKINGTON, D.R. GLASSON, S.A .A. JAYAllliERA et J.A. JONES 
On a fait l'~tude de la formation du silicit1re de bore B4Si et 
de sa decomposition vers B6Si et Si ~ la temperature de 1370°C. 
La nitruration de B4Si et celle de B6Si par l'azote m~ne ~la 
formation de nitrure de bore BN et de silicium. Quand on se sert d'un 
melange d'azote et d'hydrog~ne (90:10), on obtient le nitrure de silicium 
et aucun compose ternaire ne se forme. 
La nitruration des melanges de bore et de silicium en utilisant 
l'azote a fourni des produits contenant BN, asi 3N4 (Si11 . 5N15o0 . 5 et 
La quantite de BN et de 8Si3N4 augmente avec la concentration 
de bore. 
Ces etudes suggerent un moyen possible de production ~ basse 
temperature (<1450°C) de 8Si3N4 et le role de l'oxyg~ne sur la surface 
de silicium est mis en evidence en determinant la proportion des phases 
a : .e. 
(Plymouth Polytechnic, 
Drake Circus, 
Plymouth, PL4 8AA (U.K.) 
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INTRODUCTION 
The only substantiated phases in the boron-silicon system are 
the hexaboron silicide, B6Si, and the tetraboron silicide, B4Si. 
Both are black opaquesemiconductors possessing high hardness and 
good oxidation resistance. 
Both silicides may be formed by solid-state reaction of the 
elements in argon (figure 1). The B6Si compound, with a decomposition 
temperature of 1900°C is the more thermally stable and is formed at 
0 temperatures above 1370 C. The n4Si compound has to be synthesized 
at lower temperatures, since at 1370°C i t disproportionates into 
B6Si and silicon. 
The crystal structures of both compounds utilize n12 icosahedral 
units , B4Si possessing the rhombohedral Boron Carbide structure (figure 2) 
and B6Si a complex orthorhombic structure containing some 40 formula 
units in the unit cell . 
The reaction of boron silicides with nitrogen has not been 
previous ly reported although Lamikov (1968) states that nitrogen does 
not react with these compounds below 1000°C. 
The present investiga tion showed that at higher temperatures 
(upto 1450°C) nitrogen reacts extensively ~Tith both of the boron 
silicides, especially in the presence of hydrogen. 
This provides new methods of producing boron and silicon nitrides, 
compared with the more conventional methods of direct nitridation of the 
elements. It is of interest to determine the ·experimental conditions 
producing the two modifications of silicon nitride which are now 
described. 
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Silicon Nitride, Si 3N4 , occurs in two phases designa t ed a and B 
both of which possess hexagonal crystal structures. The B- phase 
resembles phenacite, Be2Sio4 , and the structure of a is related to 
this, having a second layer which is differently orientated in the 
unit cell. A projection of the B-silicon nitride is shown (fig . 3) . 
They were formerly though t to be low and high temperature forms, 
respectively, but later work by Grieveson et al. (1968) has sho~~ them 
to be dependent on the oxygen potential of the system. Thus the 
a-silicon nitride is an oxynitride with a defect struct11re of 
approximate composition Si11 . 5N15o0 . 5 . 
Although sjlicon nitride technology is at an advanced state of 
development , the basic surface and solid state chemistry of the above 
older and newer formation processes is not fully understood . However , 
i~ order to obtain materials with reproducible and predetermined 
pr operties , the exact conditions for the formation of the a- and 
B- si l icon nitrides phases need to be ascertained . ~~ile t here are 
probab ly few differences in their intrinsic chemical and physical 
0 properties , e . g . their decomposition temperatures differ by 160 C, 
their crystal morphologies are generally different, the a - phase 
forming initially in an acicular habit. This difference in the 
morphology will give rise to variations in the mechanical properties 
of the bulk material according to the proportions of each phase present . 
In the direct nitridation of silicon, the proportions of the a 
and B formed are influenced by the presence of oxygen. The phase 
composition will be further influenced by the presence of other 
elements , such as boron or hydrogen which have a greater affinity than 
silicon for oxygen. Thus, in the present research the effect of boron 
additive on the direct nitridation of silicon was de termined and the 
produc ts compared with those obtained from the nitridation of boron 
- 3 -
silicides. Also, the presence of hydrogen ~n the nitriding atmosphere 
has been studied. 
EXPERIMENTAL 
Nitridation of the boron silicides and the boron-silicon mixtures 
The boron silicide samples (Alfa Inorganics Ltd . ) were reacted 
with nitrogen in a closed system comprising an elec trically-heate d 
tube furnace controlled by a temperature programmer and evacuated 
by a two-stage rotary pump . During the initial heating period carried 
out at the rate of 10°C per minute, the apparatus was continuous ly 
pumped and also flushed with argon and nitrogen . This procedure served 
to remove volatile impurities . At 800- 900°C pure nitrogen was admitted 
and the pressure maintained at slight ly above atmospheric throughout. 
The boron-silicon mixtures consisted of crys talline silicon and 
amorphous boron (Cerac Ltd.) which had been mixed toge ther by means of 
a mechanical shaker . 
The boron s ilicides and the mixtures of boron and silicon were 
held at the reaction temperature for periods of 65 and 40 hours 
respectively. 
The reaction products (tables 1 and 2) were identified by x-ray 
and chemical analysis . 
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RESULTS AND DISCUSSION 
Nitridation of boron-silicon mixtures 
The x-ray analyses in Table 1 show that as the percentage of 
boron additive in the mixture is increased, the proportion of 
8- silicon nitride in the product also increases. At higher boron 
concentra tions, large amounts of boron nitride are formed which 
appear to inhibit access of nitrogen to the remaining silicon, leaving 
some unreacted. 
Nitridation of boron silicides 
The x-ray analyses in Table 2 show that the main product in all 
cases is crystalline boron nitride as is to be expected from the 
composition of the reactant boron silicides. Reaction with nitrogen 
alone, even at the higher temperature, does not result ~n the formation 
of silicon nitride, although crystalline silicon ~s produced. Also, 
some boron silicide remains unreacted . 
However , with the nitrogen-hydrogen (90:10) mixture at the 
higher temperature, silicon nitride is formed with the 8- modification 
as the predominant phase (a : S as 10:90), cf. fig.4. 
Influence of oxygen and hydrogen 
Thermodynamic studies by Wild et al (1970) have shown that the 
critical oxygen potential needed for the formation of a- silicon 
nitride is extremely low (p0 2 
-23 0 
= 10 atm. at 1300 C). However , kinetic 
factors are also important and most silicon nitride samples consist of 
mixtures of the two phases. 
The oxygen necessary for the fo~~ation of a- silicon nitride 
need not all be supplied from the nitriding atmosphere, since silicon 
surfaces are always covered by an inherent oxide layer. Archer (1957) 
has shown that this layer is at least 24 ~ thick at room temperature. 
Calculations show that the presence of such a layer on the si licon 
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2 -1 
employed in the present work (specific surface 2 m g ; average 
crystallite size 1.3 ~m) would be s ufficient to produce 23% of alpha 
even if the nitrogen were entirely free of oxygen . Thus 100% of 
alpha could be produced if the oxide layer was a mere 100R (O.Ol~m) 
thi ck . 
The reaction of the finely-divided boron additive or the boron 
released from the B4Si and B6Si lattices in depressing the formation 
of a- silicon nitride is thought to be due to its greater affinity 
for oxygen compared with that of silicon. Thus the boron reacts with 
the surface silica; 
and with oxygen present in the vapour phase; 
4 B 
some of the res ultant diboron trioxide will be lost s1nce it has 
appreciable volatility above 1000°C . 
Conversely, the presence of hydrogen 1n the nitriding atmosphere 
l eads to the preferential formation of a- silicon nitride from silicon 
(table 3) . The initial formation of acicular a - silicon nitride (with 
or ~ithout hydrogen being present) is thought to occur by a vapour 
phase reaction involving gaseous silicon monoxide (Godfrey (1969)). 
The necessary monoxide is formed by the reaction ; 
Si + Si02------4) 2 SiO . 
However, the subsequent formation of granular a- silicon nitride 
which occurs in the presence of hydrogen remains unexplained . The 
hydrogen may l ead to silicon monoxide production via the partial 
reduction of silica; 
+ ---~) SiO + 
with the si licon monoxide evidently producing an oxygen potential 
suffient to stabilize the a- silicon nitride . 
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Nitridation of silicon-boron mixtures. 
(See Table 5.2.1., page 192). 
Nitridation of boron silicides. 
(See Table 4.7.1., page 180). 
Reac tion of silicon with nitrogen-hydrogen mixture. 
(See Table 5.2.2., page 193 ). 
The formation of boron silicides. 
+ 3Si 3 B4Si I ARGON I 
l I I I > 1370°C > 1370°C I I I I 
---------------~ 2 B6Si + Si 
Rhorobohedral unit cell of boron carbide. 
(See Figure 1.3.2., page 19). 
Beta silicon nitride (projection along~ axis). 
(See Figure 1.3.3., page 31.) 
Nitridation of boron silicides. 
+ BN + Si 
1 atm. 
+ H2----------------?- BN + Si3N4 
1 atm. (a. / 8 = o. 11) 
